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ABSTRACT
DANIEL HEBRA LENCH. White Matter Integrity as a Biomarker for Stroke Recovery:
Implications for TMS Treatment. (Under the direction of Colleen A. Hanlon)
White matter consists of myelinated axons which integrate information across remote
brain regions. Following stroke white matter integrity is often compromised leading to
functional impairment and disability. Despite its prevalence among stroke patients the
role of white matter in development of post-stroke rehabilitation has been largely
ignored. Rehabilitation interventions like repetitive transcranial magnetic stimulation
(rTMS) are promising but reports on its efficacy have been conflicting. By understanding
the role of white matter integrity in post-stroke motor recovery, brain reorganization and
TMS efficacy we may be able to improve the development of future interventions. In this
dissertation we set out answer these questions by investigating the relationship between
white matter integrity and 1) bimanual motor performance following stroke, 2) cortical
laterality following stroke and 3) TMS signal propagation (in a group of cocaine users
without stroke). We identified white matter integrity of the corpus callosum as a key
structure influencing bimanual performance using kinematic measures of hand symmetry
(Chapter 2). Second, we found that reduced white matter integrity of corpus callosum
was correlated with loss of functional laterality of the primary motor cortex during
movement of the affected hand (Chapter 3). Lastly, we found that reduced white matter
tract integrity from the site of stimulation to a downstream subcortical target, was
correlated to the ability to modulate that target (Chapter 4). Taken together these studies
support white matter integrity as a valuable biomarker for future rTMS trials in stroke. To
emphasize the implications of these findings, we provide an example of how to
incorporate white matter integrity at multiple levels of rTMS study design.
xii

CHAPTER 1
OVERVIEW OF STROKE REHABILITATION AND TMS
Introduction
Stroke often results in motor impairments which compromise the ability to perform
everyday activities, function independently and have a good quality of life. One of the
most prominent characteristics of stroke is that it results in damage cortical and
subcortical gray matter structures. A strong association has been established between the
location of lesions and behavioral impairments. In fact, these studies have contributed
extensively to our understanding of brain-behavior relationships.

However, gray matter

structures are not isolated in the brain. They require myelinated axons, which make up
white matter to integrate information across remote brain regions. White matter tracts are
often compromised post-stroke and are increasingly recognized as an important factor in
functional recovery. Unfortunately, the role of white matter integrity in the development
of post-stroke rehabilitation strategies has been largely ignored.
To date traditional motor rehabilitation strategies are heterogeneous, have limited support
by randomized controlled clinical trials and often end up failing to improve motor ability
(1, 2). Furthermore, lack of clinical improvements using scores, such as the functional
independence measure (FIM), often results in premature discontinuation of therapy. As
patients enter the chronic stages of stroke, functional recovery has been described to
plateau (2, 3). The advent of neuromodulation using techniques, such as repetitive
transcranial magnetic stimulation (rTMS), has offered a promising new approach. There
have been at least 70 reasonably sized published rTMS studies for stroke rehabilitation,
1

the majority of which focus on improving motor function through stimulation of the
primary motor cortex(4). Despite the promise of rTMS as a new intervention in stroke, it
has yet to be integrated into the clinic. In this dissertation we argue that an improved
understanding of white matter integrity post-stroke may allow for the development of
more effective, well designed rTMS studies.

This will be supported by studies

evaluating white matter integrity as a key biomarker involved in bimanual motor
performance, post-stroke brain activity and TMS signal propagation.
In the following sections we will introduce the impact of stroke, the heterogeneity of
stroke etiology and its presentation. We will then focus on the subpopulation of stroke
patients who experience motor impairments. Specifically we will discuss the adaptive
and maladaptive forms of brain reorganization that occur in these patients. In
conjunction we will discuss the new rehabilitation interventions such as rTMS to harness
this reorganization and improve outcomes. Finally, white matter integrity, as a biomarker
for stroke recovery and its impact on rehabilitation will be introduced.
Defining Stroke
‘Stroke’ was adopted from the Ancient Greek term ‘apoplexy’, meaning “to be struck by
a deadly blow”(5). Hippocrates (460-377 BC) first described “acute brain suffering”,
synonymous with the modern term “stroke” in striking detail in a collection of medical
works known as the “Corpus Hippocraticum”(6). The modern definition of ‘stroke’ also
known as cerebrovascular accident (CVA) is defined by the World Health Organization
(WHO) as ‘rapidly developing clinical signs of focal (or global) disturbance of cerebral
function, with symptoms lasting 24 hours or longer or leading to death, with no apparent
cause other than of vascular origin’.
2

Stroke is one of the leading causes of acquired disability worldwide, the second leading
cause of dementia and the fourth leading cause of death in the United States. With an
aging population, the prevalence of stroke is likely to continue to climb, posing large
societal and economic burden. Despite the advancement of new therapies to reduce the
extent of damage following stroke, and knowledge about preventable risk factors
including poor diet, physical inactivity, tobacco use, hypertension and diabetes,
approximately 800,000 people have a stroke every year according to the CDC.
Furthermore, care for survivors in the United States is estimated to be around $38.6
billion annually (7, 8). Interestingly, stroke prevalence is not uniformly distributed across
the United States. For example, the Medical University of South Carolina situated in the
heart of the southeast has higher stroke death rates than other regions of the country (See
Figure 1-1).

3

Figure 1-1 Stroke Death Rates in US Counties. A map of the United States showing
areas in which stroke death rates are high (dark purple) and where stroke death rates are
low (light purple). Source: Heart Disease and Stroke Statistics—2019 Update: A Report
From the American Heart Association, Volume: 139, Issue: 10, Pages: e56-e66, DOI:
(10.1161/CIR.0000000000000659).

4

Heterogeneity in Types of Stroke
The causes for stroke are heterogeneous, making it difficult to develop standardized
treatments and rehabilitation regimens. Stroke etiology can be broadly categorized as
either ischemic or hemorrhagic in origin. Ischemic strokes result from the blockage of a
blood vessel supplying blood to the brain and account for the vast majority (around 87%)
of strokes. Within the ischemic strokes, etiology can be classified into subtypes using the
TOAST classification system (Trial of ORG 10172 in Acute Stroke Treatment)(9). Some
examples of these subtypes include large artery atherosclerosis resulting in cerebral
thrombus, small artery occlusion and cardio embolism in which a blockage travels from
the heart to the circulatory system of the brain. In contrast to ischemic strokes,
hemorrhagic stokes occur when a weakened blood vessel ruptures and accounts for
approximately 13% of strokes (American Heart Association). Hemorrhagic strokes can
either be intracerebral (ICH, bleeding occurring within brain tissue) and subarachnoid
(SAH, bleeding occurring on the outer surface of the brain). Blood vessels are weakened
through the formation of aneurysms or arteriovenous malformations (AVMs) which are
often congenital(10). In the case of hemorrhagic strokes, hypertension is the most
common risk factor(11).
Acute Treatments for Ischemic and Hemorrhagic Stroke
As a reflection of heterogeneity in stroke etiology, treatment during a stroke or directly
after its onset varies substantially (See Figure 1-2). During the acute stages of ischemic
stroke, brain tissue becomes hypo-perfused reducing the volume and flow of blood to a
given brain region. This reduction in blood flow leads to a cascade of pathophysiological
events. This includes, but is not limited to, the loss of oxygen and glucose supply,
5

,depletion of energy stores and the induction of cellular necrosis (12). Treatments to date
have focused on restoring blood flow in order to reduce the extent of brain tissue damage.
A brain region where hypo-perfusion leads to permanent, irreversible damage becomes
the ischemic core. Meanwhile the ischemic penumbra surrounds the core and is
characterized by a reduction in cellular function but may be reversible following
reperfusion. Thrombolysis drugs, including intravenous recombinant tissue plasminogen
activator (rt-PA or alteplase), dissolves clots and can reduce extent of damage when
administered early enough(13, 14). Additionally, some stroke patients with large,
proximal clots are eligible for endovascular procedures which can remove the thrombus
using a stent retriever(15). In contrast to ischemic stroke treatments, rt-PA is not used in
hemorrhagic stroke as they can cause excessive bleeding, worsening the stroke and extent
of damaged tissue. Instead, hemorrhagic strokes can be managed by reducing high blood
pressure in order to attenuate excessive bleeding, while endovascular interventions may
be beneficial by securing ruptured blood vessels(16).

6

Figure 1-2 Stroke Etiology and Treatment. Ischemic (left) and hemorrhagic strokes
(right) are contrasted. Ischemic strokes are characterized by an occlusion to blood flow
causing ischemia. Hemorrhagic strokes results in rupture of the blood vessel wall.
Heterogeneity exists at multiple levels including cause of stroke, and the acute treatment
intervention.
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Heterogeneity of Stroke Vascular Territory
Within these two classes of stroke, there is additional heterogeneity in the location of the
stroke. Although location of stroke infarct is highly variable across stroke patients, there
are some stereotypical vascular territories. The most common presentations of stroke
include weakness or paralysis (also known as hemiparesis or hemiplegia occuring
contralateral to the hemisphere affected by stroke), incoordination and spasticity. These
strokes often originate from disruptions to the carotid, and anterior circulation(17). This
includes the middle cerebral artery (MCA) and the anterior cerebral artery (ACA), which
supplies blood to the frontal and parietal lobes, as well as a portion of the internal
capsule, caudate and anterior corpus callosum. Critically, these strokes can cause damage
to primary or secondary cortical motor areas including the primary motor cortex (M1),
the supplementary motor area (SMA) or pre-motor areas (PM), as well as their
descending projections, which make up the corticospinal and corticofugal motor
pathways. MCA infarctions account for nearly two-thirds of all ischemic strokes, while
ACA strokes account for a small percentage of stroke (<3%). Meanwhile, the posterior
circulation originating from the vertebral basilar artery supplies blood to the brainstem
and cerebellum. These strokes can also contribute to lateralized motor weakness or
ataxia. Beyond these motor deficits, patients can suffer from speech and language
deficits such as aphasia or dysphagia, cognitive impairment (such as attention and
memory) and visual deficits. While these post-stroke deficits are beyond the scope of
this dissertation, it is important to note that stroke patients will often experience multiple
impairments, due to the expansive coverage of vascular territories, and due to the
multiple functional roles of an individual brain area.

8

Upper-Extremity Motor Impairment and Recovery Post-Stroke
Motor impairment following stroke can affect movement of the face, arm, and leg on one
side of the body in around 80% of patients(18). This unilateral impact on motor
performance is known as “hemiparesis” and can disable a patient’s ability to perform
everyday activities, including eating, dressing, and using the bathroom (American Heart
Association). In this dissertation we will focus on impairments which specifically affect
the upper extremity. Upper extremity impairments include those which affect the arm
and or hands and thus have devastating consequences on many activities of daily
living(19).
Longitudinal studies investigating neurological recovery from stroke demonstrate the
process as non-linear, with the greatest degree of recovery occurring within the first 3
months following stroke (20, 21). Recovery from stroke affecting motor skills can result
from restitution, substitution or compensation. Restitution is the result of neurological
recovery or repair in which a reduction in impairment allows return toward the pre-stroke
use of limbs. This form of recovery is generally the result of reduced edema, restoration
of neural function, and spontaneous recovery. Spontaneous recovery generally occurs in
the early (acute) stages of stroke. These changes occur most dramatically for patients
with arm disability within the first few days, to about three weeks, after the stroke
event(22). The molecular and cellular basis for spontaneous recovery has been explored
in animal models of the mammalian brain. Degeneration of tissue causes the release of
molecules which promote cell survival, proliferation, axon sprouting and the activation of
endogenous neural stem cells (neuroblast migration)(23). Damaged tissue is then re9

innervated by sprouting axon collaterals, in conjunction with glial, vascular
(angiogenesis) and extracellular matrix remodeling(24).
Alternatively, motor recovery can be the result of substitution and compensation. These
two forms of recovery are generally the result of external stimuli including learning
through experience, and practice. From a behavioral standpoint, this form of recovery is
manifested as the replacement of function by body segments or muscles to perform a
task. This form of recovery can often result in the appearance of new motor patterns. An
example of compensation during a reaching task might include increased trunk and
shoulder displacement(25). At the level of the brain, neuroplasticity and network
reorganization reflect these mechanisms of motor recovery but are not always adaptive.
Brain Reorganization Following Upper-Extremity Motor Impairment
Brain reorganization is one mechanism through which the brain can adapt to lesioned
tissue and functional deficits following stroke. Reorganization has been primarily
described to occur within the cortical tissue surrounding the lesion and in distant brain
regions with direct connections to the stroke core and penumbra, such as regions of the
contralesional hemisphere(22). Neural plasticity is one mechanism through which the
brain remodels neural connections. Specifically, modification of synaptic connections
can create lasting changes in the way circuits and networks communicate. Synaptic
modifications are the result of strengthening or weakening of synapses through Nmethyl-D-aspartate (NMDA) receptor dependent long term-potentiation (LTP) or long
term depression (LTD).
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Neuroplasticity of perilesional cortex is perhaps the best described form of plasticity that
occurs following stroke. Remodeling of neural representations of motor cortex and
sensory cortex are described in a number of animal models and human studies. In mice
with experimental stroke affecting the forelimb, decreased output from the infarcted area
was compensated by an increase in perilesional tissue and changes in cortical map
structure (26, 27). Similarly, this ‘rewiring’ has also been demonstrated in non-human
primates (macaque monkeys) 2 weeks following the removal of the thumb representation
in primary motor cortex (M1). Surrounding perilesional tissue which, prior to the brain
injury, did not produce movement in response to intracortical microstimulation, could
now elicit thumb movements (28). However, the compensatory increase in in
perilesional tissue is not only the result of lesion itself, but is also dependent on motor
experience and training. Randolph Nudo and colleagues demonstrated that in monkeys
undergoing experimental ischemic stroke to primary motor cortex, and which receive 4
weeks of intensive motor retraining, expanded the hand representation into the intact
cortex(29). If rehabilitation was removed, the increase in the cortical hand
representation was significantly reduced(30). For the first time, this study demonstrated
the importance of post-stroke rehabilitation in the reorganization of cortical
representations of the upper extremity.
Outside of the primary motor cortex, a number of secondary motor areas contribute to the
successful execution of motor performance. Secondary motor areas, including the
supplementary motor area (SMA) and pre-motor (PM) cortex, can be utilized as
alternative motor output pathways and are likely involved in compensatory and adaptive
motor behaviors as a result of stroke (31). Corticofugal fibers originating in
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supplementary motor area and pre-motor areas for example run parallel to the descending
fibers from primary motor cortex(32). In the case that descending corticospinal fibers
from primary motor cortex are damaged, spared corticofugal fibers may compensate.
The pre-motor cortex can be separated into the functionally distinct dorsal (PMd) and
ventral (PMv) segments. The PMv is particularly important for grasping and
sensorimotor processing during movement, while the PMd is critical to movement
preparation and parameters such as the speed, direction and amplitude of movement(33).
Expansion of the PMv following lesioning to the M1 hand area was observed in a
microelectrode experiment with squirrel monkeys(34). Meanwhile supplementary motor
area (SMA) has been implicated in the timing, planning and coordination of
movements(34). An increase in SMA and pre-motor activity has been observed in fMRI
studies of stroke patients. Specifically, blood oxygen level dependent (BOLD) signal
was shown to be increased above and beyond healthy controls while performing a simple
motor task(35). In healthy controls, SMA is recruited for complex motor tasks but is not
engaged if the task is simple. Thus, an increase in these secondary motor areas may
represent an increased need for neural resources in order to perform simple motor tasks.

In addition to reorganization within the ipsilesional hemisphere, there is substantial
evidence supporting the involvement of the contralesional hemisphere in functional
recovery after stroke. In animal models of stroke causing forelimb impairment,
restoration of function within the first two weeks after stroke was associated with
increased contralesional activation(36). Changes in contralesional hemisphere have also
been identified on the structural level. Dendritic branching within layer V pyramidal
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cells, for example, are observed within the contralateral hemisphere following focal
stroke of the somatosensory cortex(37). Transcranial Magnetic Stimulation (TMS),
Positron emission tomography (PET) and functional magnetic resonance imaging (fMRI)
studies in humans have supported this reorganization pattern. In hemiplegic stroke
patients, increases in cerebral blood flow, in the ipsilesional and contralesional
(ipsilateral) hemispheres, were demonstrated when performing simple finger movements
with their paretic hand(38). In a meta-analysis of functional neuroimaging studies, stroke
patients, which preferentially used their lesional primary motor cortex, had better
functional outcomes(See Figure 1-3)(39). Despite the consistency of studies showing
interhemispheric changes in activity after stroke, the role of these changes in motor
recovery are complex. For example, the time since stroke, and degree of damage,
influence the importance of contralesional activity in motor performance (40).
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Figure 1-3 Stroke stages and Laterality. Pictured are stages of stroke recovery and
accompanying changes in cortical laterality. Most hemi paretic stroke patients will show
bilateral activity directly following the stroke event. During the subacute and chronic
stages of stroke, patients with poor recovery tend to show more activity in the unaffected
hemisphere when performing motor tasks with their affected hand. Meanwhile, well
recovered patients show a “normal” pattern of activity which is lateralized to the lesioned
hemisphere.
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Rehabilitation Strategies for Motor Recovery
The objective of rehabilitation therapy for stroke patients is to minimize long term
disability and maximize quality of life. Rehabilitation options for stroke induced motor
deficits range from pharmacological intervention to physical and occupational therapy.
Pharmacologically, selective serotonin reuptake inhibitors (SSRIs) such as Fluoxetine
have previously been shown to improve recovery following stroke, perhaps due to its
ability to modulate plasticity. Early clinical trials in stroke patients with hemiplegia
demonstrated that Fluoxetine improves activities of daily living and functional
independence measure (FIM) when combined with physical therapy (41, 42). A large
trail of Fluoxetine for Motor Recovery after Acute Ischemic Stroke (FLAME) showed
improvements in motor assessments relative to the placebo group (43, 44).
Constraint induced movement therapy (CIMT) is currently one of the most effective
physical rehabilitation treatment methods for the upper limbs(45). This form of
rehabilitation is based on early observations that hemiparetic upper extremity patients
learn to reduce use of their affected extremity, but will change this behavioral pattern if
thweir unaffected hand is constrained(45). CIMT restricts the use of the affected upper
limb in order to promote use of the affected limb during intensive practice of upper limb
tasks. Studies of movement restriction in monkeys resulted in an increase of the cortical
representation of the cortical motor area and addressed learned ‘disuse’ of the unaffected
hand(46). A large number of studies provide support for the use of CIMT to improve
motor function, however there are mixed results as to its effect on overall disability.
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Other forms of motor rehabilitation have been more sparsely studied but are worthwhile
noting. Mirror therapy (MT), first reported by Dr. Ramachandran in 1995, and motor
imagery are two additional forms of rehabilitation that have received significant
attention(20). MT is performed by having the patient perceive the reflection of the intact
limb as if it were the affected limb. MT is thought to counteract maladaptive
neuroplasticity in stroke patients. Alternatively, mental practice techniques employ the
visualization of movements without external visual cues and may improve motor
behavior by repeatedly activating the brain’s motor network. Despite a handful of studies
describing these therapeutic techniques, there is limited evidence of the underlying brain
reorganization responsible for these functional changes.
An Introduction to Transcranial Magnetic Stimulation (TMS)
Transcranial Magnetic Stimulation is a non-invasive approach to stimulate the brain by
producing rapidly alternating magnetic fields. The principal of TMS relies on the
interdependence of electricity and magnetism first described by Faraday and was first
demonstrated in the human brain by Barker and colleagues(47). Repetitive Transcranial
magnetic stimulation (rTMS) is already an FDA-approved technique for treating
depression and migraine, and is being used in clinical trials for a number of
neuropsychiatric disorders including addiction, pain, and stroke rehabilitation(48). When
placed over the human scalp, these magnetic field changes induce a perpendicular
electrical current in the brain via electromagnetic induction. The electrical field induced
by TMS is then able to depolarize neurons by changing the membrane potential along
axons.
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The focality, depth and area of the brain stimulated by TMS are dependent upon the
geometry of the TMS coil as well as the strength of the induced electrical current(49).
Figure-8 coils have a design which is particularly focal, covering an area of
approximately 12.5 cm2 and reaches 1 -3.5cm in depth. Thus, TMS using this standard
coil design can only reach superficial layers of cortex and do not stimulate subcortical
brain structures directly. This limitation to cortical structures can partially be overcome
by stimulating cortical structures with monosynaptic connections to deep brain structures
such as the striatum(50). The ability for TMS to activate neurons in the central nervous
system is easily demonstrated by applying single pulses of TMS to the primary motor
cortex (M1). TMS sends descending signals through the pyramidal tract which project to
spinal motor neurons (the corticospinal tract). Using EMG, motor evoked potentials
(MEPs) can be measured in hand muscles.
In addition to single pulse TMS, repetitive TMS (rTMS) can be used to modulate cortical
excitability through the induction of neuroplasticity. The after-effects of rTMS are
dependent on several stimulation parameters including the pattern, frequency and
duration of stimulation. Low frequency rTMS (<1Hz) generally exhibits inhibitory
effects on cortex while high frequency stimulation (>5Hz) leads to excitatory effects. In
addition to these simple rTMS protocols, patterned forms of stimulation, such as thetaburst stimulation (TBS), have been shown to induce excitability changes. Theta-burst
stimulation has received attention because it is a neurobiologically relevant form of
stimulation which occurs naturally in the brain. Additionally, the theta burst stimulation
pattern is well known to produce LTP in pre-clinical electrophysiology setups. Huang
and colleagues in 2005 showed that continuous TBS (cTBS) decreases excitability of
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motor cortex after 40 seconds of stimulation while intermittent TBS (iTBS) increases
cortical excitability after 190 seconds of stimulation (51). While the duration of TBS may
change across these protocols, the fundamental stimulation pattern remains the same50Hz triplicates, repeated at 5Hz.
Neuroplasticity induced by rTMS is thought to be NMDA receptor dependent as
previously demonstrated in pharmacological experiments (52, 53). This dependence was
demonstrated for theta-burst stimulation in a group of healthy controls administered the
NMDA receptor antagonist, memantine (54). Specifically, memantine blocked the
inhibitory effects of cTBS and the excitatory effects of iTBS. This mechanism is
analogous to animal models in which NMDA dependent plasticity induces long term
potentiation (LTP) or long term depression (LTD). Despite these studies, there is
relatively sparse knowledge as to what frequencies or patterns of stimulation are optimal
in the induction of plasticity. Future studies using animal models are needed to elucidate
the cell and circuit specific mechanisms behind rTMS induced plasticity and identify
optimal stimulation parameters.
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Figure 1-4 Stroke Stages and rTMS Intervention. Figure demonstrating the various
stages following stroke and the expected level of recovery during each stage. During the
acute phase, the largest improvements in function occur, primarily due to spontaneous
mechanisms. A standard recovery trajectory is shown in red. A hypothetical trajectory,
which includes an rTMS intervention, is represented by the dotted blue line. The ultimate
objective of introducing an rTMS intervention is to stimulate recovery beyond what is
possible with traditional therapies and maintain those improvements into the chronic
stages of stroke.
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Transcranial Magnetic Stimulation as a Treatment for Stroke
TMS has been explored as a treatment tool to improve recovery outcomes following
stroke (See Figure 1-4). Unlike pharmacological methods to enhance neuroplasticity (i.e.
SSRI’s), the development of TMS treatment strategies can be circuit specific, reducing
off target effects. Natural neural reorganization (without intervention) after stroke can be
adaptive or maladaptive, and can influence motor behavior and extent of stroke recovery.
Knowledge of these neural changes after stroke has produced hypothesis driven
approaches to improving neurorehabilitation after stroke using non-invasive brain
stimulation (NIBS)(4).
Several studies of non-invasive brain stimulation in animal models of stroke have been
performed. In a rodent model of acute stroke, high frequency rTMS was shown to reduce
apoptosis and infarct volume(55). In an MCAO (middle cerebral artery occlusion) stroke
model in rats, 10 Hz rTMS was reported to increase stem cell proliferation(56). In the
subacute phase of stroke, 10Hz rTMS applied to the ipsilesional cortex improved balance
and reduced apoptosis in the peri-ischemic area relative to sham stimulation(57). While
some studies have indicated that genes involved in neuroplasticity are upregulated
following rTMS, there is limited evidence for how rTMS changes plasticity following
stroke(58). One limitation for these animal studies is that the size of the coil relative to
the surface area of the brain is large and not comparable to those used in clinical studies.
Furthermore, some of these studies used magnetic coil designs (including circular coils)
not reflective of what is used in human rTMS studies. Thus, the translational relevance of
these studies is still unclear and likely requires the development of smaller coils. As a
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result the majority of studies evaluating rTMS as a treatment for stroke recovery have
come from clinical studies.
To date clinical rTMS studies for stroke have focused on chronic patients with far fewer
being performed during the subacute and acute stages. Perhaps the most frequently
studied rTMS approach to inducing neural plasticity after stroke is to restore disrupted
balance between the affected and unaffected hemispheres (See Figure 1-5). In the early
stages after stroke the ipsilesional motor cortex has reduced excitability that tends to
improve as motor recovery improves (59). Most hemiparesis patients will show an
increase in bilateral sensorimotor cortex after the first several weeks following the stroke
event (60, 61). However, those individuals which experience an improvement in motor
function appear to normalize laterality of the motor cortex (62). Meanwhile patients
which experience a persistent increase in contralesional activation into the chronic stages
of stroke have relatively poor recovery.
Excitatory rTMS has been used to increase primary motor cortex excitability on the
stroke affected hemisphere. After a single session of 10 Hz rTMS (80% of resting motor
threshold) to the ipsilesional hemisphere, a group of chronic stroke patients, improved
their performance accuracy during a complex finger tapping task(63). Consistent with
studies in healthy controls, MEP amplitudes increased following the 10Hz stimulation but
not sham stimulation.
Low frequency TMS, to chronic stroke patients on the contralesional hemisphere for 5
days, caused a reduction of excitability to the contralesional primary motor cortex and
improved paretic hand performance as evaluated by blinded raters(64). Interestingly, this
group found an association between change in corticospinal excitability as a result of
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stimulation and improvement in motor function. In 2010 Winston Byblow’s group found
that cTBS, applied to the contralesional hemisphere, caused a decrease in cortical
excitability, however paretic hand function did not improve(65). These results suggest
that in some stroke patients engagement of the contralesional hemisphere is required for
successful motor task performance.
Comparisons between high and low frequency stimulation protocols have attempted to
clarify which of these two treatment protocols are superior. Saski and colleagues
compared 5 day stimulation of either high or low frequency rTMS, and found that high
frequency rTMS of the lesioned hemisphere showed greater improvements in upper limb
recovery (66). However these results have been inconsistent. Kedhr and colleagues
found that a daily, 5 day treatment of 1 Hz rTMS to the unaffected hemisphere led to
greater, lasting (up to 3 months) improvements in motor disability relative to 3 Hz
stimulation of the affected hemisphere(67). In addition to stimulating each hemisphere in
isolation, studies have also found that priming the contralesional M1 with 1 Hz rTMS,
followed by iTBS to the ipsilesional hemisphere, can improve hand function for up to 3
months(68).
Despite the numerous studies which have tested rTMS in stroke, there is little consensus
on its ability to produce meaningful clinical changes. A 2016 meta-analysis of physical
therapy studies combined with rTMS showed that upper limb training, combined with
rTMS, did not have an added benefit to upper limb training alone. However, it is
important to note that a majority of these studies used 1Hz stimulation over the
unaffected side (69). Furthermore, upper-extremity assessments varied across these
studies.
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One challenging aspect of evaluating these studies is the inconsistency of stimulation
parameters including stimulation intensity, and dose (total number of pulses delivered).
Determining optimal parameters for inducing plasticity and neurorehabilitation in the
stroke brain are still yet to be elucidated and are likely dependent on the location and
chronicity of stroke. Despite some evidence for modest results, rTMS in stroke is highly
variable and relatively small sample sizes have made it difficult to understand factors
contributing to this heterogeneity(70).
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Figure 1-5 rTMS Protocols for Stroke. rTMS studies with the aim of improving motor
impairment after stroke have focused either inhibitory rTMS to the unaffected
hemisphere or excitatory rTMS to the affected hemisphere (contralateral to the affected
upper extremity)
.
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Variability in Response to Repetitive Transcranial Magnetic Stimulation (rTMS)
There is inherent variability in response to rTMS within and between individuals. In the
case of the stroke, this variability is magnified due to the heterogeneity of stroke infarct
location, and changes to brain functional organization. Furthermore, stroke recovery is a
dynamic process. At various stages post-stroke there are differences in cortical
excitability and the potential for plasticity. However, even among healthy participants,
the ability for rTMS to directionally modulate cortical is dependent upon a number of
factors. In this next section, we will discuss factors found to affect the ability to modulate
plasticity using rTMS in healthy adults (See Figure 1-6) and how these factors might be
affected in patients with stroke.
History of synaptic activity within the target region to be stimulated, or among regions
connected to this target, can influence response. Priming of the primary motor cortex in
one hemisphere using theta-burst stimulation for example can decrease excitability in the
contralateral hemisphere (71). In addition to priming the cortex with stimulation, the
brain can be behaviorally primed. One example of behavioral priming is engaging the
motor cortex by having the participant perform voluntary motor contractions. Gentner
and colleagues demonstrated that tonic voluntary contraction influences response to 300
pulses of cTBS and reversed the after-effects of stimulation (72). Similarly, after-effects
of MEP amplitude, measured from the abductor pollicis brevis (APB) muscle in response
to iTBS and cTBS, is reversed if paired with (index) finger tapping movements (73).
Age is a second factor which strongly contributes to rTMS variability and which is
particularly pertinent for the stroke population. Increasing age is associated with
impairment in learning and memory and a reduced capacity to induce plasticity (74).
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Normal aging is also associated with changes in brain structure critical for the induction
of plasticity. For example, aging results in a reduction in the number of synapses within
the motor cortex(75). The effects of aging on the efficacy of rTMS over the motor cortex
have been empirically tested. Using an inhibitory rTMS protocol, participants who were
older (60-85 years) experienced diminished plasticity relative to the younger (18-35
years) subjects(76).
Attention has also been considered to be an important factor in rTMS induced plasticity.
During motor learning and motor memory, attentional processes must be intact but are
often disturbed following stroke. Disruption to attention during motor tasks is associated
with diminished connectivity between parietal and pre-motor cortical areas(77). The
effects of visual attention of rTMS induced plasticity have been tested in healthy controls.
When subjects direct visual attention to their hands for example, 5Hz rTMS had a greater
facilitation effect then when attention was directed away from the hands (78-80). This
may be particularly relevant when studying patients with visual-spatial neglect as a result
of parietal strokes.
Stroke patients often take a large number of medications to help with symptoms,
including pain and post-stroke depression. These drugs act upon the central nervous
system and thus it is important to understand their interaction with rTMS efficacy. Aside
from the interfering effects of these pharmaceutical agents, there is also the possibility
that these drugs could be used to enhance the effects of LTD-like or LTP-like rTMS(81).
A number of studies in healthy controls have confirmed the pharmacological influences
on rTMS induced plasticity. As previously described, NMDA antagonists including
memantine have been shown to block the LTP and LTD like effects of theta-burst
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stimulation. Meanwhile, benzodiazepines which modulate GABAa receptors and
GABAb antagonist baclofen can block or reduce the effectiveness of LTP-like forms of
stimulation (82). Lamotrigine (LTG), a broad spectrum epilepsy drug was shown to
reduce cortical excitability in response to TMS(83). Additional studies, combining
pharmaceutical and rTMS interventions, are needed to gain a comprehensive
understanding of their interaction.
Genetics has been extensively explored as a non-modifiable risk factor for stroke(84).
Similarly there is growing evidence that genetics impacts the efficacy of rTMS on
neuroplasticity. An example of a genetic factor which may influence plasticity is
neurotrophins. These proteins are important for neuronal growth, and development. Some
neurotrophins are key mediators of activity-dependent modulation of protein synthesis
and contribute to the consolidation of plasticity, both structurally and functionally. Brain
derived neurotrophic factor (BDNF), in particular, is released in an activity dependent
manner and promotes synaptic plasticity(85). Kleim and colleagues showed that those,
with a single nucleotide polymorphism of BDNF (Val66Met), have suppressed ability to
increase MEP amplitude and motor map representation with a simple motor learning task
(86). Similarly, genotyping of polymorphisms of BDNF have revealed differences in
theta-burst and 1Hz stimulation aftereffects (87, 88).
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Figure 1-6 Factors Influencing TMS Induced Plasticity. A number of factors
influence the ability for rTMS to induce plasticity including age, synaptic history,
pharmacology and genetics. They can either promote (+) or inhibit (-) the effectiveness
of rTMS. Source: Ridding and Ziemann, 2010(89).
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White Matter Integrity and Stroke Recovery
One factor which is likely to be particularly important for the efficacy of rTMS in stroke
is white matter. While this factor has been largely ignored, we suggest it is an important
additional variable which should be taken into consideration when developing rTMS
treatments. In this next section we will discuss the role of white matter, its importance in
stroke and what impact it may have on rTMS efficacy.
While gray matter (GM) of the brain primarily constitutes neuronal cell bodies,
dendrites, and axons for local processing, white matter (WM) includes long myelinated
and unmyelinated axons as well as glial cells and blood vessels. WM is myelinated by
oligodendrocytes which wrap myelin sheets to improve conduction time and signal
propagation (90). In addition to signal propagation, axons provide a route through which
nutrients and molecular machinery can be transported from the axon soma to the synapse.
White matter tracts can be divided into three broad categories including projection fibers,
association fibers and commissural fibers. Projection fibers include white matter tracts
which connect cortical and subcortical nuclei, the brainstem, spinal cord and the
cerebellum. Association fibers include connections between various regions of cerebral
cortex including within hemisphere tracts known as U fibers, the cingulum, and the
uncinated fasciculus. Commissural fibers include those which connect brain regions
between hemispheres and include large white matter tracts such as corpus callosum and
the anterior commissure (91).
White matter is particularly vulnerable to stroke due to its large volume in humans and
due to low blood flow and limited collateral circulation(92). Oligodendrocytes and
neurons are particularly sensitive to ischemia induced oxidative stress, excitotoxicity and
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inflammation. Thus, the cells which support the axons which make up white matter, as
well as the axons themselves, experience injury as a result of the ischemic event. After
ischemic stroke degradation of white matter integrity is often the result of Wallerian
Degeneration (WD). When a neuron’s cell body is injured, the axon skeleton and
membrane begins to disintegrate, followed by the disintegration of the myelin sheath and
infiltration of macrophages and microglia. Diffusion tensor imaging (DTI) approaches in
the human brain have revealed changes to white matter microstructure in the brain which
are reflected in measures such as fractional anisotropy (FA)(93). This measure provides
information as to the primary direction of and degree of water diffusion. In white matter,
the diffusion of water molecules is greatest along the direction of fibers and is slow
perpendicular to fiber tracts. Axonal degradation increases the perpendicular movement
of water molecules and decreases the movement along fiber bundles, resulting in reduced
FA values. The relationship between this diffusion measure and white matter
degradation has been demonstrated in both animal models and in human studies(94, 95).
Importance of White Matter in Development of TMS Intervention in Stroke
As we look forward in the development of non-invasive brain stimulation tools such as
transcranial magnetic stimulation (TMS) for neurorehabilitation after stroke, it will be
critical to understand factors which influence response or lack of response. While factors
including genetics, age, attention and others are likely to be critical for TMS induced
neuroplasticity in stroke, the structural integrity of connections is a necessary substrate
for the effectiveness of TMS. Previous studies have established that the effects of TMS
are not only local, but also can modulate targets monosynaptically connected to the site
of stimulation. White matter is established as the wiring through which neural signals
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can travel long distances throughout the brain. Thus, understanding the role of white
matter deficits in stroke, and their impact on the propagation of TMS, as well as recovery,
will be critical to developing an effective treatment. In the following three chapters we
explore how disrupted white matter affects behavior, brain reorganization and TMS
signal propagation in depth.
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CHAPTER 2
BIMANUAL PERFORMANCE IS AFFECTED BY CORPUS CALLOSUM
INTEGRITY IN CHRONIC STROKE PATIENTS

Summary of Study:
Background: Following a unilateral stroke, it is relatively common that chronic stroke
patients have deficits in bimanual tasks. While this likely reflects pathology associated
with the corpus callosum (CC), the primary white matter tract connecting the left and
right hemisphere, this has not been directly assessed. Through a rigorous evaluation of
kinematics, this study tested the hypothesis that bimanual performance deficits were
specifically related to CC tract integrity.
Methods: Diffusion imaging data were obtained from a cohort of 21 chronic stroke
participants with hemiparesis and 18 age-matched control subjects with a minimum of 2
risk factors for stroke. Kinematic data associated with bimanual movement were acquired
from 15 of these stroke participants and 15 controls. The CC was divided into 3 segments
based on established parameters. The association between CC integrity and motor
performance were evaluated with respect to age and lesion size.
Results: Relative to the controls, stroke participants had significantly lower FA in the
portions of the CC connecting the left and right SMA as well as M1 and Pre-SMA. The
FA in the SMA and M1 segments of the CC were positively correlated with hand
asymmetry and trunk displacement during bimanual performance. The FA in the CST
was correlated with measures of unimanual hand performance.
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Conclusions: These data demonstrate that bimanual motor deficits and truncal
compensation may have a neurostructural etiology involving the corpus callosum.
Specifically while unimanual motor deficits appear to be related to CST integrity,
bimanual performance deficits are related to CC integrity.

Introduction
Stroke patients with upper-extremity hemiparesis struggle with motor deficits including
reaching and grasping of objects (96, 97). Reaching and grasping is used for a number of
daily activities including retrieving objects (ex. clothes, and food)(98). The majority of
studies investigating therapies and biomarkers for recovery in stroke patients have
focused on recovery of unimanual tasks of the paretic upper extremity(99). Despite this
focus on unimanual control, it is established that the elderly rely on the use of both hands
and bimanual skills are a core component of functional independence after stroke(100).

Fundamental differences in bimanual and unimanual movements have been extensively
studied in healthy adults. While unimanual tasks predominantly engage the use of the
dominant hand, bimanual motor skills require the coordination of both hands.
Specifically, during in-phase bimanual reach-to-grasp movements the two limbs exhibit
synchronous temporal and spatial coordination(101). Performance of unimanual and
bimanual tasks are also dependent on distinct neural mechanisms. This is demonstrated in
human and non-human primate studies in which greater activation of the supplementary
motor area (SMA) is elicited during bimanual than unimanual tasks (102, 103). In
addition to cortical structures, white matter connections via the corpus callosum (CC)
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play a central role in the effective coordination of bimanual movements(104).

From a

mechanistic standpoint, the CC is thought to mediate this relationship through
interhemispheric interactions (105, 106).

Unimanual motor deficits in stroke have been well described and are associated with
increased recruitment of primary and secondary motor regions relative to healthy
controls(107, 108). Structural damage to the corticospinal tract (CST) in particular has
proven to be a strong neuroimaging predictor of composite motor scores of the upperextremity(109). Integrity of other white matter tracts including the CC also appear to
contribute, but to a lesser extent(110-112). One limitation of these studies is the use of
composite scores (ex. Fugl-Meyer Assessment) which are insensitive to complex aspects
of movement including bimanual co-ordination and compensation(113). To date, there
have been relatively few studies which have directly studied the neurobiological basis for
bimanual deficits following stroke. In agreement with healthy adult studies,
interhemispheric functional connections between SMA and M1 appear to be particularly
important for bimanual performance after stroke (114).

The aim of this study was intended to extend our understanding of bimanual reach to
grasp performance after stroke by examining its relationship to two white matter tracts
important for motor control - the CST and the CC. Due to its importance in
interhemispheric communication, we hypothesized that CC in particular would be
associated with kinematic measures of bimanual performance following stroke.
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Methods
Participants
A cohort of 21 individuals with a history of unilateral stroke and 18 control participants
were recruited through the Medical University of South Carolina’s Stroke Recovery
Center and the Charleston community. All participants were informed of study
procedures and provided consent approved by the Institutional Review Board. Inclusion
criteria for stroke participants included those with upper-extremity impairment at least 6
months following the stroke event and the ability to flex the affected elbow and shoulder
from 10-75% of the normal range. Inclusion criteria for control participants included at
least two risk factors for stroke (e.g. smoking history, high blood pressure, high
cholesterol, diabetes, overweight, family history of stroke and age (>55 for men and >65
for women)). Exclusion criteria for both groups included history of seizure, contaminant
neurological disorders other than stroke, preexisting scalp lesion, bone defect or
hemicraniectomy and typical contraindications for MRI. Control participants were all
right hand dominant, and all but 3 stroke participants were right hand dominant prior to
the stroke event.
Behavioral Assessments
A battery of widely used, reliable stroke rehabilitation research motor assessments were
administered by an occupational therapist to stroke participants including the Wolf Motor
Function Test (WMFT) (115), the Arm Research Action Test (ARAT) (116) and a Rasch
modified version of the Fugl-Meyer Assessment of the Upper Extremity (FMA-UE)(117,
118). Kinematic measures were collected from a subset of 15 stroke participants and 15
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controls using a motion capture system with 49 active markers and 10 cameras
(PhaseSpace Inc., San Leandro, CA, USA). The bimanual performance tasks included: 1)
reaching with both hands to pick up a box while seated on a bench at a table and 2)
reaching with both arms to grasp and pick up 2 water bottles simultaneously (See Figure
2-1). Marker coordinates were smoothed with a 4th order Savitzky-Golay filter (200 ms
window) and interpolated over gaps. A custom inverse kinematics routine, based on the
Levenberg-Marquardt algorithm, was used to calculate the pose of a 35 degree of
freedom model including pelvis, thorax, neck, head, clavicles, humeri, forearms and
hands. Segment orientations and joint rotations were defined following ISB
recommendations (119). The primary kinematic measures of interest included the
asymmetry of hand position and trunk displacement. Asymmetry of hand position was
calculated by determining the distance of each hand from the target and taking the
difference in position between both hands. Trunk displacement was calculated using
distance of trunk displacement from the starting position.
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Figure 2-1 Bimanual Kinematic Task. Images of simultaneous reach task (top) and box
task (bottom) used for kinematic assessment. Body markers were used to quantify
kinematic measures of position in space and velocity (middle).The images to the left
show the starting position (1.) while images on right (2.) show the final position with the
target.
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Brain Imaging
High-resolution T1-weighted structural scans were acquired on a 3T MRI scanner
(Siemens Medical, Erlangen, Germany; 1900ms TR, 2.26ms TE, 192 slices,
1.0x1.0x1.0mm resolution). Diffusion-weighted images were obtained using a twicerefocused echo-planar sequence with 3 diffusion weightings (b = 0, 1000, 2000 s/mm 2)
along 30 diffusion encoding directions (50 slices, 0% distance factor, 222 × 222 FOV,
74 × 74 matrix, TR = 6400 ms, TE = 96 ms, slice thickness = 2.7 mm, partial Fourier
encoding: 6/8, and a resolution of 2.7x2.7x2.7mm.
Image Analysis
Spatial quantification of the lesion. Lesions were drawn in MRIcron
(https://www.nitrc.org/projects/mricron) using each stroke participant’s T1-weighted
structural scan and checked by a second rater to ensure consistency.

Drawings were

performed on axial slices and saved as a volume of interest mask (VOI). Lesion volume
in cubic centimeters (cc) was recorded for each stroke participant. Using enantiomorphic
normalization, the lesion and structural image was normalized into MNI space to
calculate the inverse transformation used to bring ROIs into subject space (Clinical
Toolbox, SPM12, Matlab, Natick, MD) (120, 121).
Diffusion Weighted Imaging. Multishell diffusion-weighted images (DWI) were
imported into MRtrix3 (http://www.mrtrix.org) for processing. First, diffusion data were
denoised by implementing ‘dwidenoise’ which removes noise only principal
components(122). To ensure signal preservation, the noise residuals were evaluated by
visual inspection. Denoised diffusion data was then corrected for eddy currents, and head
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motion using ‘dwipreproc’ (FSL’s v5.0, eddy current correction
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). A skull stripped mask was created using BET2.
Preprocessed DWI data was then processed using DTIFIT to create fractional anisotropy
maps for each participant.
FA Region of Interest Analysis. ROIs of cortical motor areas were taken from the
Human Motor Area Template (HMAT), which created three-dimensional boundaries of
the pre-SMA, SMA proper, and M1 using a probability based meta-analysis of 126 fMRI
and PET studies(123). The left and right M1, SMA, and Pre-SMA ROIs were loaded into
DSI studio and used for tractography with the HCP 1021 template(124). The HCP 1021
template includes multishell diffusion data from 1021 Human Connectome Project
subjects reconstructed in MNI space using q-space diffeomorphic reconstruction(125)
(http://dsi-studio.labsolver.org).

For each homologous ROI HMAT pair (left and right

M1, SMA, Pre-SMA) ‘ending’ regions were placed and a total of 5000 tracts were
calculated with a threshold of 0.2, an angular threshold of 60. Tracts were converted
into ROIs within DSI Studio creating three corpus callosum ROIs. To create the
corticospinal tract (CST) ROI the same tracking parameters were used to track from a
seeding region placed in M1 and through JHU white matter ROIs placed in the posterior
limb of the internal capsule (PLIC) and the cerebral peduncle. The inverse transform
matrix used to bring each participant’s structural scan into MNI space was applied to
ROIs of the CC and CST to bring them into subject space. Using SPM12 the structural
scan and transformed ROIs were then co-registered with each participants B0 image. The
three HCP derived CC ROIs were overlaid on each participant’s colored FA map to
ensure overlap with the transversing CC fibers (displayed as red in FSL). Previous
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publications analyzing CC microstructural integrity recommend using the midsagittal
portion of CC(126). To limit the HCP derived ROIs to the midsagittal section, the CC
was drawn on the 3 slices to the left and right of the midsagittal slice using the HCP
derived ROIs as a guide (See Figure 2-2). FA values for the left and right CST, and the
three CC ROIs were extracted from FA maps using the MarsBaR region of interest
toolbox in SPM12.
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Figure 2-2 Defining Corpus Callosum ROIs. Tractography was performed in DSI
Studio using Human Connectome Project (HCP) diffusion data averaged from 1021
healthy subjects in MNI152 space. (A) Deterministic tractography of CST and ROI in
template brain (red). (B) Deterministic tractography of an interhemispheric CC
connection and ROIs of CC for M1 (blue), SMA (green), and Pre-SMA (violet). A box
around the CC ROI denotes the midsagittal section from which 6 slices were used.
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Statistical Analysis. Within and between group differences in demographic variables,
motor performance scores, and grip strength were all evaluated using independent and
paired t-tests as appropriate (IBM, SPSS Statistics 24). A 2 X 3 mixed design ANOVA
was used to compare FA values across the three CC ROIs between stroke and control
groups. A 2 X 2 mixed design ANOVA was used to compares CST FA values between
the stroke and control group. Post-hoc t-tests (Bonferroni corrected for multiple
comparisons) were performed when a significant interaction was detected. Partial
correlations were used to determine the relationship of motor scores or kinematic
variables in relationship to FA in the CST and CC. All partial correlations controlled for
participant age and time since stroke event.

Results
Participants and Motor Performance
The mean age was not significantly different between the 18 control (52.6±9.1 years) and
21 chronic stroke (56.3±6.4 years) participants nor between the subset of 15 controls
(51.4±9.5 years) and 15 stroke (56.7±6.7 years) (p>0.05). The average severity of upperextremity motor impairment was moderate (37.82±11.61) based on the Rasch modified
FMA-UE score. Mean lesion volume was 44.3±55.9 cc (range: 0.68-211.44 cc) and mean
time since stroke was 43±41 months (range: 6.0-187.6 months). 67% of the stroke
patients had lesions in the left hemisphere and corresponding right upper-extremity
deficits (14/21). Among stroke participants, grip strength on the affected hand, but not
the unaffected hand was lower than grip strength in the left (t=5.1702, df=37, p<0.001)
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and right hand (t=6.78, df=37, p<0.001) of controls. As expected, the time to complete
the WMFT was significantly slower among stroke participants (t=3.65, df=37, p<0.001)
and ARAT scores were lower in stroke participants (t=6.015, df=37, p<0.001). Trunk
displacement while performing the box reach assessment (t=5.66, df=27, p<0.001) and
while performing the simultaneous grasp (t=5.07, df=27, p<0.001) was greater in stroke.
Difference in hand position relative to target was not statistically greater in stroke during
the box reach (t=1.99, df=28, p=0.056) but was during the simultaneous grasp (t=3.27,
df=28, p<0.01). See Table 2-1 for group differences in demographics and motor
performance.
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Table 2-1 Demographics and Behavior.
Measure

Stroke

Control

N

21

18

Age (years ±SD)

56.3 (±6.4) years

52.6(±9.1) years

Gender (Male/Female)

14/7

7/11

Lesion volume (±SD)

44.3 (±55.9) cc

N/A

UE Affected

14 Right/ 7 Left

N/A

Time since stroke (±SD)

43 (±41) months

N/A

Grip Strength (Affected** or
Dominant/ Non-affected or NonDominant)

34.02lbs (±24.69)
/84.32lbs (±28.33)

72.75lbs
(±21.60)/84.83lbs
(±21.66)

UE FM score (±SD)

37.82 (±11.61)

N/A

ARAT score (±SD)**

29.36 (±18.56)

55.77 (±1.17)

WMFT Time (±SD)**

28.19 (±32.41) sec

0.23 (±0.29) sec

Box Trunk Displacement (±SD)
**

95.26 (±46.65) mm

24.45(±12.76) mm

Simultaneous Grasp Trunk
Displacement(±SD) **

107.81 (±57.21) mm

31.70 (±10.66) mm

Box Difference in Hand
Position(±SD)

48.97 (±45.37) mm

23.50 (±19.96) mm

Simultaneous Grasp Difference
in Hand Position (±SD)*

44.88 (±34.00) mm

14.26 (±12.6) mm

Significant differences between groups are denoted using *p<0.05, **p<0.01
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Corpus Callosum and CST Fractional Anisotropy
CST FA: The two-way mixed design ANOVA revealed a significant effect of group
(F=39.10, p<0.0001) and interaction of group x hemisphere (left/ contralesional,
right/ipsilesional) (F=26.46, p<0.0001). Among stroke participants the mean FA was
lower in the lesioned CST (0.39±0.048) when compared to the non-lesioned CST
(0.48±0.043) (p<0.001). FA of the CST in control participants was not significantly
different in the left (0.49±0.026) versus right (0.51±0.030) hemisphere (p>0.05). FA in
the lesioned hemisphere of stroke participants was significantly reduced compared to FA
in the left hemisphere of controls (p<0.001). The FA on the non-lesioned hemisphere
was also significantly reduced when compared to FA on the right CST in controls
(,p<0.05). CC FA: A two-way mixed ANOVA revealed a significant effect of group
(F=31.38, p<0.0001) but no interaction between group and CC segment. The M1
(S=0.44±.079, C=0.59±.089), SMA segment (S=0.51±0.086, C=0.64±0.051) and PreSMA (S=0.48±0.082, C=0.58±0.070) of the corpus callosum had greater FA in the
control than the stroke group (See Figure 2-3).
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Figure 2-3 ROI Analysis of Fractional Anisotropy. Bar graphs of mean FA among
stroke (red) and age matched control (blue) participants. (A) Mean FA in the ipsilateral/
left CST and the contralesional/ right CST. (B) Mean FA in M1, SMA and Pre-SMA
segments of CC.

46

Relationship of FA to motor impairment in the affected UE
FA within the CST of the lesioned hemisphere correlated with ARAT score (r=0.503,
p<0.05), WMFT time (r=-.616, p<0.01), and grip strength of the affected hand (r=0.559,
p<0.05) independent of age and lesion volume (See Figure 2-4). Grip strength, WMFT
and ARAT score were not correlated FA in any segment of the CC when correcting for
age and lesion load. Scatterplots of the correlation between motors scores and CST FA
are shown in Figure 2-4.
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Figure 2-4 Ipsilesional CST FA and Motor Performance. Scatterplot of partial
correlations are shown for grip strength, ARAT score and WMFT time. CST FA values
and motor scores and times are shown as standardized residuals after controlling for age
and lesion volume. Note that a longer time to complete the WMFT is associated with
poor performance while greater ARAT scores are associated with better performance.
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Relationship of FA to kinematic measures during bimanual movement
FA within the CST of the lesioned hemisphere did not correlate hand asymmetry or trunk
displacement during the box reach task or the simultaneous grip task. Trunk
displacement while performing the box reach task but not the simultaneous grasp task
was significantly correlated with CC M1 segment (r=-0.666, p<0.05), SMA segment (r=0.667, p<0.05), and pre-SMA segment (r=-0.591, p<0.05). Spatial asymmetry in hand
position during the box reach task was correlated with CC FA in the M1 segment (r=0.586, p<0.05), SMA segment (r=-0.746, p<0.01) but not the pre-SMA segment.
Similarly, spatial asymmetry during the simultaneous grasp was correlated with CC FA
in the M1 segment (r=-0.743, p<0.01), and SMA segment (r=-0.819, p<0.01) and the preSMA segment (r=-0.676, p<0.05). Among control participants there was not a significant
correlation between bimanual kinematic metrics and FA in the corpus callosum.
Correlations are shown both graphically in a 3-D representation (Figure 2-5) and in
scatterplots (Figure 2-6).
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Figure 2-5 3D Representation of FA and Kinematic Correlations. For ease of
visualization a 3-D diagram representing results for 2 bimanual tasks (box reach and
simultaneous grasp) is shown. Significant (grey rectangles) and non-significant (white
rectangles) correlations between hand position asymmetry and FA in the three CC
segments as well as between trunk displacement and FA in the three CC segments is
displayed. Partial correlations are corrected for age and lesion size. Black arrows
represent that all boxes below are grey. Only M1 and SMA portions of CC are
consistently correlated with position asymmetry across both bimanual tasks.
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A. Difference in Hand Position (Asymmetry)
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B. Trunk Displacement

Figure 2-6 Corpus Callosum FA and Kinematic Measures. Scatterplot of partial
correlations are shown for (a) asymmetry in hand position and (b) trunk displacement.
CC FA values and kinematic variables are shown as standardized residuals after
controlling for age and lesion volume.
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Discussion
Overview
Bimanual performance after stroke affecting the upper extremity is a critical component
of stroke recovery. It provides patients with more independence to perform everyday
activities. Despite the importance of bimanual ability after stroke, the majority of studies
have focused on unimanual deficits. The aim of this study was to investigate the
relationship between CST and CC white matter integrity and performance during
bimanual tasks. The results from this study support the importance of corpus callosum
structural integrity in the performance of bimanual movements and extend this into the
chronic stroke population. To our knowledge, this is the first study in stroke directly
implicating the role of corpus callosum in kinematic measures of bimanual impairment.
Role of Corpus Callosum and Bimanual Movement
In the healthy brain, transcallosal fibers connect homologous cortical regions between the
left and right hemisphere thus allowing for information to be integrated across
hemispheres(127). The corpus callosum is already recognized as a fundamental
anatomical structure supporting bimanual motor control in humans and non-human
primates. In non-human primates, previous studies have shown that correlations between
interhemispheric motor cortex LFPs were greatest for bimanual symmetric
movements(128). Meanwhile, human studies using diffusion tensor imaging have found
a direct relationship between midsagittal corpus callosum integrity and bimanual skills in
healthy adults(129). Consistent with the current findings, a study found that bimanual
coordination was particularly associated with the portion of corpus callosum connecting
the left and right SMA(129). Damage to white matter integrity of the corpus callosum
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appears to be particularly prevalent in disease affecting myelination of neurons. In
patients with multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS), white
matter integrity of corpus callosum between the hand regions of motor cortex is
associated disrupted bimanual coordination (130, 131).
Disruption to transcallosal connections has previously been implicated in the
interhemispheric competition model of stroke recovery (132). Recent studies have
expanded upon this by demonstrating a direct relationship between CC integrity and
motor impairment. In stroke patients with severe motor impairment and poor skilled
reach performance, corpus callosum integrity is reduced (133, 134). Consistent with these
studies we found that white matter integrity was reduced within the CC when compared
to age matched controls. While the precise reason for this reduction in white matter fiber
integrity is unclear, one possibility is that it is associated with Wallerian degeneration
(WD)(135).
In contrast to previous studies we did not show a relationship between CC structural
integrity and overall motor impairment. Previous studies have suggested that this
relationship differs based upon severity of impairment(136). Thus, the lack of
association observed in our sample may be due to the wide distribution of motor
impairment severity relative to previous investigations(137). In agreement with previous
kinematic studies in stroke, there is a disruption of cooperative coordination of both
hands relative to age matched controls (138, 139). Our findings suggest that CC integrity
after stroke is associated with this disruption of bimanual co-ordination rather than with
unimanual skills or overall motor severity.
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Role of Corticospinal Tract and Motor Performance
The corticospinal tract is a major descending white matter pathway important for
controlling voluntary movement of the upper limbs and lower limbs (140). Beyond the
corpus callosum, the corticospinal tract has been identified as a critical biomarker and
treatment target for motor recovery following stroke. CST integrity to predict motor
outcome and impairment can be measured using single pulse transcranial magnetic
stimulation (TMS) or diffusion metrics in the residual tract (141). Consistent with a
number of previous studies, CST white matter integrity was asymmetric between the
contralesional and ipsilesional hemisphere and reduced compared to age matched
controls(136). Most studies to date have focused on motor severity and unilateral motor
performance as it relates to CST integrity. As expected, we found that reduced
ipsilesional integrity of the CST is associated with poor performance of the affected limb
as measured by the Action Research Arm Test (ARAT) and grip strength test (142).
Contrary to the corpus callosum, the CST was not associated with bimanual kinematics,
suggesting its main role in motor recovery may be unimanual movement and the ability
to produce force. While this study chose to focus on the corticospinal tract originating in
the primary cortex, there are a number of secondary descending corticofugal tracts which
may contribute to unimanual and bimanual motor performance (143).
The bimanual tasks performed during this experiment included both reaching and
grasping movements. The execution and coordination of these movements are highly
complex and are known to involve multiple cortical structures outside of the primary
motor and pre-motor cortex. Both visual and sensorimotor modalities must work in
conjunction to create a trajectory to successfully reach the target object. The parietal
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cortex plays an important role in linking sensory feedback with action, required for
adjusting arm position during execution of the trajectory(144). Thus, we cannot rule out
a role for the parietal cortex as a contributor to coordination of hand position during the
task.
It is important to note that the bimanual tasks performed in this study were symmetrical
in nature. Other bimanual tasks, including those that involve asymmetrical movements
(ex. opening a jar) or which are out of phase, may involve different or additional
structures. As is the case with many stroke studies, we were unable to control for the
location of the lesion in our sample. While we found a strong relationship between FA
in the CC and bimanual movement kinematic measures, other white matter pathways and
cortical gray matter regions which were damaged by the stroke may have also contributed
to hand asymmetry and trunk displacement. Lateralization of affected hemisphere and
the upper extremity may have also influenced our results. The strokes in this study
tended to be left lateralized and affected the right upper extremity. This may be of
particular importance because there are lateralized functions which contribute to reaching
performance. Specifically, the right hemisphere appears to be important for spatial
activities while the left hemisphere is critical for temporal processing of
movements(145). Studies with larger sample sizes may be able to determine if there is a
relationship between stroke laterality and the importance of CC integrity to bimanual
performance. Finally, these chronic stroke participants were in the very chronic phase of
stroke which may have resulted in reductions in FA due to less frequent use of their arms
to perform everyday activities. Studying the relationship of FA and bimanual kinematics
closer to the stroke event may help minimize this potential confound. One limitation of
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our methods for this study was the use of high b-values. Specifically, in our analysis of
fractional anisotropy, we included diffusion scans with b-values up to 2000 s/mm2 in
fitting to the conventional DTI signal model. This range of b-values is greater than that
typically used for DTI studies and may have affected the results.

Future Directions and Clinical Implications
Future studies should consider using a longitudinal approach to understand the
relationship between bimanual motor function and white matter changes in CC FA.
Understanding structural changes in CC and its relationship to bimanual kinematics at the
acute phases of stroke could improve current models which are used to predict motor
outcome. The knowledge gained from this study may benefit the development of
interventions to improve bimanual performance. Specifically, non-invasive brain
stimulation techniques such as TMS and tDCS may be useful tools to improve bimanual
skills in stroke patients by targeting disrupted interhemispheric connections via motor
portions of the corpus callosum. Additionally, bimanual movement training (BMT) has
emerged as a potentially efficacious treatment strategy to reduce bimanual deficits
following stroke (146, 147). BMT engages simultaneous use of upper limbs and may be
able to use measures of CC FA as a biomarker for neuroplasticity and classify those who
are likely to benefit from this form of rehabilitation(148).
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CHAPTER 3
MOTOR CORTEX LATERLITY AFTER STROKE IS DEPENDENT UPON
CORPUS CALLOSUM INTEGRITY

Summary of Study:
Background: Primary motor cortex activity during unimanual movements is typically
lateralized in healthy controls. In stroke patients, this laterality is reduced and is often
associated with poor functional outcomes. One reason for this loss of laterality may be
due to loss of interhemispheric inhibition (IHI) from the lesioned hemisphere to the
unaffected hemisphere. This IHI is mediated by the corpus callosum. In this study we
investigated whether degradation of corpus callosum integrity was associated with a
reduction in laterality.
Methods: The participants included in this study were the same as those included in
Chapter 2. Diffusion imaging data were obtained from a cohort of 21 chronic stroke
participants with hemiparesis and 18 age-matched control subjects with a minimum of 2
risk factors for stroke. Laterality was assessed using BOLD fMRI while participants
performed a simple visually-guided unimanual task. Laterality was correlated with FuglMeyer score and corpus callosum white matter integrity.
Results: There was a high degree of variability in laterality within the stroke and control
groups. In contrast to previous literature we found no significant differences in laterality
between groups. Laterality was significantly correlated with corpus callosum integrity,
wherein participants with greater integrity had more lateralized activation. This
correlation was found to be driven by stroke patients with a left hemisphere stroke.
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Conclusions: These data demonstrate that functional reorganization after stroke is
dependent upon the integrity of white matter tracts such as the corpus callosum. Future
studies with larger sample sizes are required to establish how this relationship interacts
with lesion size and time since stroke.

Introduction
During execution of a simple unimanual motor task, healthy individuals have an elevated
blood oxygen level dependent (BOLD) response in the contralateral primary motor cortex
(149). As task complexity increases, or when movements are performed with the nondominant hand, the ipsilateral cortex also becomes activated (150) (151). Two
explanations for this elevated activity in the ipsilateral motor cortex have been suggested.
The increase may 1.) simply be due to engagement of descending ipsilateral projections
to the spinal cord (152) or 2.) be due to a reduction of typical transcallosal inhibition
from the contralateral cortex (151) .
This elevated activity in both the contralateral and the ipsilateral cortex is also prominent
in chronic stroke patients and occurs even if the task is simple. When chronic stroke
patients perform a basic hand gripping task with their affected limb, both the contralateral
(lesioned) hemisphere (the side directly affected by the stroke), and the ipsilateral (nonlesioned) hemisphere are activated(114). This loss of laterality in chronic stroke patients
is associated with poor motor outcomes (60, 107). One hypothesis for this elevated
activity in the ipsilateral cortex is that these tasks which would be considered “simple”
motor tasks in controls are much more difficult in the stroke patients and therefore the
pattern of activity looks similar to controls performing a complex motor task. This
interpretation however, is not sufficient to explain observations that the non-lesioned
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hemisphere of stroke patients has elevated cortical excitability at rest(153), and that
elevated activity in the non-lesioned hemisphere is not directly related to kinematic
performance during a motor task (154).
Yet another hypothesis (which has not been explored) is that elevated activity in the nonlesioned hemisphere is related to impaired corpus callosum integrity in stroke patients.
The corpus callosum is the largest white matter structure in the brain containing
approximately 200 million axonal projections which connect the left and right
hemispheres. For each area of the cortex there are transcallosal projections to the
homologous area of the contralateral cortex. These pyramidal projection neurons
terminate on interneurons and inhibit apical dendrites of the nearby pyramidal cells via
γ-aminobutyric acid type B (GABA-B) (155). As was demonstrated in the previous
chapter, corpus callosum white matter integrity is often degraded in chronic stroke
patients and this degradation is related to deficits in bimanual performance.
Consequently, it is possible that loss of corpus callosum integrity in these patients leads
to an abnormally elevated level of activity in the non-lesioned hemisphere during a task
which typically requires the lesioned hemisphere.
One common way to describe the balance of activity between the ipsilateral and
contralateral hemisphere is through a Laterality Index. For the purposes of this
investigation the Laterality index is amount of brain activity (BOLD signal) in the
contralateral hemisphere minus the BOLD signal in the ipsilateral hemisphere during
movement relative to rest. Individuals with high laterality index, use predominantly the
contralateral hemisphere. Individuals with low laterality index use both their contralateral
and ipsilateral hemisphere. Specifically, healthy controls moving their dominant hand
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typically have a high laterality index, whereas movement of the non-dominant hand (or a
complex motor task) typically has a lower laterality index. Likewise, stroke patients
moving their unaffected limb likely have a higher laterality index than stroke patients
using their affected limb.
The goal of this study was to test the hypotheses that: 1) chronic stroke patients would
have a lower laterality index during a squeezing task with their affected hand than agematched controls, and 2) lower Laterality Index scores among stroke participants would
be correlated with lower corpus callosum integrity – suggesting that bilateral activity was
related to loss of transcallosal inhibition. To minimize the effects of other potentially
confounding comorbidities, the control participants chosen for this study all had to be in
the same age range as the stroke participants and have at least 2 additional risk factors for
stroke.

Methods
Participants: A cohort of 21 individuals with a history of unilateral stroke and 18
control participants were recruited through the Medical University of South Carolina’s
Stroke Recovery Center and the Charleston community. All participants were informed
of study procedures and provided consent approved by the Institutional Review Board.
All participants were informed of study procedures and provided consent approved by the
Institutional Review Board. Inclusion criteria for stroke participants included those with
upper-extremity impairment at least 6 months following the stroke event and the ability
to flex the affected elbow and shoulder from 10-75% of the normal range. Inclusion
criteria for control participants included at least two risk factors for stroke (e.g. smoking
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history, high blood pressure, high cholesterol, diabetes, overweight, family history of
stroke and age (>55 for men and >65 for women)). Exclusion criteria for both groups
included history of seizure, contaminant neurological disorders other than stroke,
preexisting scalp lesion, bone defect or hemicraniectomy and typical contraindications
for MRI. Control participants were all right hand dominant, and all but 3 stroke
participants were right hand dominant prior to the stroke event. These were the same
individuals described in Chapter 1.
Motor Assessments of Stroke Severity: A battery of widely used, reliable stroke
rehabilitation research motor assessments were administered by an occupational therapist
to stroke participants including the Wolf Motor Function Test (WMFT) (115), the Arm
Research Action Test (ARAT) (116) and a Rasch modified version of the Fugl-Meyer
Assessment of the Upper Extremity (FMA-UE)(117, 118).
MRI Scans: Structural Scan: High-resolution T1-weighted anatomical images were
acquired for each participant (3.0 T Siemens Trio, 3D SPGR, TR = 1900 ms, TE = 2.26
ms, voxel dimensions 1.0 × 1.0 × 1.0 mm, and 192 slices). Diffusion: Diffusionweighted images were obtained using a twice-refocused echo-planar sequence with 3
diffusion weightings (b = 0, 1000, 2000 s/mm 2) along 30 diffusion encoding directions
(50 slices, 0% distance factor, 222 × 222 FOV, 74 × 74 matrix, TR = 6400 ms,
TE = 96 ms, slice thickness = 2.7 mm, partial Fourier encoding: 6/8, and a resolution of
2.7x2.7x2.7mm.
Functional MRI (fMRI): Functional MRI data was acquired on a 3-T Siemens TIM Trio
scanner (Siemens Medical, Erlangen, Germany). For functional imaging, BOLD images
were acquired using gradient echo-planar imaging (EPI) protocol (repetition time (TR) =
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3000 ms, echo time (TE) = 40 ms, flip angle 90, 3.0 mm x 3.0 mm x 3.0 mm in-plane
resolution, and 64 × 64 matrix). Motor Task: Functional scans were acquired while
participants were visually guided to perform a unilateral motor task (See Figure 3-1). Six
blocks interspersed by rest blocks interchanged between squeezing a dynamometer with
either their left or right hand (affected or unaffected). During the rest blocks participants
were asked to relax both of their hands. Each participant completed two consecutive runs
of the motor task.
Functional Imaging Analysis: Spatial preprocessing was performed with CONN
toolbox (version 17.f) and first level analyses was performed using standard parametric
mapping techniques (SPM12, London, UK) in MATLAB R2016b (Mathworks, Natick,
MA).
Preprocessing: Data were corrected for acquisition time (slice timing), realigned to the
first volume (motion correction), normalized into a standardized neuroanatomical space
(Montreal Neurological Institute (MNI) brain template), and smoothed using a Gaussian
kernel of 8 mm for the group analysis to reduce the variance due to anatomical
variability. Statistical contrast maps were created for each individual comparing brain
BOLD activity, associated with performing the left and right motor task to that during
periods of rest.
ROI Analysis: Extraction of beta weights was performed using MarsBaR implemented in
SPM12. Beta weights representing BOLD response during motor task performance was
extracted for the left and right precentral gyrus as defined by the automated anatomical
labeling system (AAL).
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Diffusion Imaging Analysis: Analysis was identical to those used in chapter 2. CC white
matter integrity, connecting the primary motor cortices and corticospinal tract white
matter integrity, was used in subsequent analyses.
Statistical Analyses: To quantify lateralized BOLD activity while performing the
unimanual motor task, beta weight values from the ipsilateral hemisphere were subtracted
from the contralateral hemisphere. Spearman rank-order correlations between the FuglMeyer score and laterality was performed and considered significant with p<0.05. A
Pearson correlation was preformed between BOLD laterality while performing a motor
task with the affected hand and white matter integrity measured by FA of the corpus
callosum connecting the left and right motor cortex (the same procedure was performed
for left hemisphere and right hemisphere groups separately). We performed a three-way
mixed design ANOVA to determine if there was an interaction between hand (left or
right, affected or unaffected), hemisphere (left or right, affected or unaffected) and group
(stroke participants and controls).
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Figure 3-1 Methods and Analysis. A. Image of the visually guided fMRI motor task
which was performed with the affected and unaffected hand (left and right for controls).
The left and right hand movement blocks were each 21 seconds in length. Blocks of
movement were interspersed with blocks of rest. Two runs were performed for each
participant. B. Laterality index was determined using BOLD signal from the ipsilateral
and contralateral primary motor cortex while moving the right hand (control participants)
or the affected hand (stroke participants). The relationship of laterality to corpus callosum
integrity (red line connecting left and right primary motor cortex) and behavior were
determined subsequently.
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Results
Motor Cortex BOLD Signal During Motor Task (Controls and Stroke Participants):
The two-way mixed design ANOVA revealed a significant interaction of hand x
hemisphere (F=90.645, p<0.0001). There was no main effect of group, hand x group or
hemisphere x group. The mean BOLD response while performing a unimanual motor
task with the affected hand in stroke participants was greater in the contralateral primary
motor cortex (59.01±65.04 a.u.) than the ipsilateral primary motor cortex (8.24±43.83
a.u.). When stroke participants used their unaffected hand, the mean BOLD signal was
greater in the contralesional (contralateral) hemisphere (54.16±44.80 a.u.) than in the
ipsilesional (ipsilateral) hemisphere (6.28±48.99 a.u.). Similarly, control participants had
greater BOLD activation in the contralateral (left) hemisphere (75.01±46.44 a.u.) than in
the ipsilateral (right) hemisphere (-1.31±43.51 a.u.) when moving their dominant, right
hand. When performing the motor task with the left hand the mean BOLD response was
greater in the contralateral, right hemisphere (86.81±65.41 a.u.) than the ipsilateral, left
hemisphere (See Figure 3-2).
Motor Cortex Laterality (Control and Stroke Participants)
The mean laterality (contralateral-ipsilateral BOLD) between the motor cortices was
greater in controls (76.32±56.0 a.u.) than stroke (55.15±57.3a.u.) but this difference did
not reach statistical significance (see Figure 1). There was not a significant difference in
laterality between stroke participants with left (57.4±66.4 a.u.) versus right (50.4±24.4
a.u.) hemisphere stroke while using their affected hand (See Figure 3-2).
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Figure 3-2 Laterality During Motor Performance. The top bar graph shows the BOLD
response to left and right hand movement during the visually guided task. The bottom
bar graph shows the BOLD response to movement of the affected and unaffected hand.
BOLD response represents activation in the primary motor cortex. Left hemisphere
(Ipsilesional) is shown as blue bars and right hemisphere (contralesional) is shown as red
bars. Error bars are standard error of the mean (SEM). The scatterplots shown to the
right of the bar graphs display individual laterality values for each participant. Laterality
values which are more positive represent greater BOLD response in the contralateral
primary motor cortex, while negative values represent greater BOLD response in the
ipsilateral cortex. The top scatterplot shows laterality in controls during right hand
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movement. The bottom scatterplot shows laterality in the stroke participants during
affected hand movement.

***

Figure 3-3. Fractional Anisotropy Distribution of Corpus Callosum. Individual
variability in corpus callosum fractional anisotropy values are displayed for the control
(shown as black points) and stroke participants (shown as red points). ***Denotes a
significant difference between groups (p<0.0001).
Corpus Callosum Structural Integrity (Control and Stroke Participants):
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Corpus callosum fractional anisotropy was significantly greater (p<0.0001) in stroke
participants (0.44 a.u.±.079), than in control participants (0.59 a.u.±.089). Individual
corpus callosum FA values can be seen in Figure 3-3.
Correlation of Laterality with Corpus Callosum FA (Stroke Participants)
There was a significant positive correlation between the laterality index and corpus
callosum integrity (r=.410, p<0.05). Figure 3-4 shows the mean FA of the corpus
callosum and laterality of the BOLD response in the control and stroke groups. Figure 34 shows a scatterplot of the correlation between M1 CC white matter integrity and
laterality of the BOLD signal in motor cortex. Post-hoc analyses of the same correlations
were performed by splitting the stroke group into participants with left hemisphere
strokes versus participants with right hemisphere strokes. The participants with left
hemisphere strokes (right hand affected) had a significant correlation between CC FA and
M1 laterality (r=.525, p<0.05). This same trend was not observed in the participants with
right hemisphere strokes (left hand affected).
Relationship between Fugl-Meyer Upper Extremity score and M1 Laterality
A large range (15-54) of the Rasch modified Upper Extremity Fugl-Meyer scores was
observed (See Figure 3-5). Among stroke participants the Fugl-Meyer score had a
significant positive correlation with primary motor cortex laterality (Spearman’s
rho=.417, p<0.05). Figure 3-5 shows the relationship between the Rasch modified FuglMeyer score and laterality of the BOLD signal in primary motor cortex.
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r=.410

r=.525,
p<0.05

Figure 3-4 Correlation of Corpus Callosum FA and Laterality (Stroke). a. Scatterplot
of the correlation between primary motor cortex laterality during movement of affected
hand and corpus callosum fractional anisotropy. Statistical maps show the extent of
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BOLD activation during a hand grip task in two right handed stroke participants. In the
upper right hand corner, the activation is shown for a participant with high corpus
callosum FA (.57) and is contrasted to the activation of a participant with low corpus
callosum FA (.35). b. Scatterplot of the correlation between primary motor cortex
laterality during movement of the affected hand and corpus callosum fractional
anisotropy in participants with left hemisphere strokes only.
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Figure 3-5.Correlation of Fugl-Meyer and Laterality (Stroke) a. Scatterplot showing
distribution of individual Upper Extremity Fugl-Meyer (UE-FMA) scores for stroke
participants. Long horizontal line denotes mean while short horizontal line denotes
standard deviation (±SD). b. Scatterplot showing the correlation between the laterality of
the primary motor cortex BOLD signal and each stroke participants Upper Extremity
Fugl-Meyer Assessment score.
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Discussion
The loss of functional laterality while executing motor tasks after stroke has consistently
been associated with poor motor recovery and may represent a maladaptive response to
the damaged brain. The goal of this study was to investigate the possibility that loss of
laterality was related to degradation in corpus callosum white matter integrity among
chronic stroke patients. Of the two hypotheses for this study, one was confirmed and the
other was not supported. Specifically, we demonstrated that among the stroke patients,
the degree of cortical laterality was positively correlated with the integrity of the corpus
callosum (particularly in those with left hemisphere strokes). That is, individuals with
low corpus callosum integrity had activity in both the contralateral and ipsilateral motor
cortex during the task, whereas individuals with high corpus callosum integrity had
predominantly contralateral motor cortex activity (consistent with healthy movement).
That said, we failed to find a significant difference in the laterality index in these stroke
patients compared to their age-matched controls. This is in contrast to existing literature
(156-158), but may be explained by several methodological differences (e.g. groups of
controls that were matched for stroke risk factors, mild-moderate impairment) that should
be examined in the future.

Role of Corpus Callosum in Motor cortex Lateralization
The observed relationship between callosal integrity and cortical laterality within the
stroke patients supports the importance of the corpus callosum as a mediator of cortical
reorganization post-stroke. While most studies examining the relationship between white
matter damage and post-stroke brain reorganization have focused on the role of the
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corticospinal tract, these data implicate the corpus callosum as an additional tract
influencing lateralization. The mechanism through which corpus callosum influences
this post-stroke brain lateralization may reflect a diminished ability to transmit
interhemispheric inhibition signals from the affected to the unaffected hemisphere. This
explanation is supported by previous neurophysiology studies which have used paired
pulse TMS protocols in stroke to study interhemispheric signal transfer between
homotopic primary motor cortices (159). In patients with multiple sclerosis (MS), a
similar pattern has been demonstrated. In line with our results, corpus callosum atrophy
was associated with a loss of interhemispheric inhibition in these patients(160). While it
is tempting to conclude that this mechanism is the primary cause of motor cortex
lateralization, there are other explanations for this structure-function relationship. One
possibility is that this association may be related to an overall reduction in the efficiency
of neural function during movement execution. As a result, the brain may require
additional neural resources from the unaffected hemisphere thus causing reduced
lateralization.

Dependence on Hemisphere Lesioned
Previous findings demonstrate that depending whether a stroke occurs in the dominant or
non-dominant hemisphere, the trajectory of brain organization can vary significantly.
This may, in part, be the result of differentiated and specialized functions between
hemispheres. Previous studies in stroke patients indicate that left-hemisphere damage is
associated with motor planning aspects of movement while right hemisphere lesions have
more importance during sensory feedback and on-line processing of movements(161).
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Therefore, we looked at whether the association between CC white matter integrity and
laterality was predominantly seen in left or right hemisphere strokes. Those participants
with left hemisphere strokes affecting the right (dominant) hand maintained a positive
association between CC FA and laterality. Meanwhile the group of participants with a
left hemisphere stroke did not maintain this relationship. While there were differences in
sample sizes between groups, these results suggest that the relationship of laterality to
other biomarkers may be dependent upon the hemisphere lesioned.

Role of Motor cortex Lateralization in Motor Severity
Consistent with previous findings in chronic stroke patients with upper extremity motor
deficits, less lateralized motor cortex activation was correlated with greater motor
severity. This is supported by TMS studies that show inhibition of the unaffected
hemisphere leads to improved motor performance in the affected hand.(162) Despite the
support for increased bilateral activation as a maladaptive pattern, it is important to note
that the association between bilateral activation and poor motor performance is not
consistently observed in the literature. Some groups have even suggested that increased
activation of the unaffected hemisphere during motor performance is actually beneficial
and represents adaptive plasticity (163, 164). This concept is further supported by TMS
studies in stroke showing that inactivation of the contralesional hemisphere worsened
motor performance (165).

Variability in Laterality in Controls
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The control groups used in this study were age matched to stroke participants and were
required to have at least two risk factors for stroke in order to be included in the study.
This is in contrast to other studies examining laterality which used younger participants
who were described as “healthy subjects”(166). The original motivation for our
“unhealthy” control group was to have the ability to examine the effects of the stroke
independent of other characteristics which might influence brain function. Specifically,
stroke risk factors such as diabetes, hypertension, smoking, obesity and family history are
more prevalent in the stroke population and may have direct consequences on primary
motor cortex lateralization. Patients with diabetes mellitus, for example, can undergo
peripheral neurodegeneration of sensory and motor neurons during chronic stages of the
disease(167). In turn, a loss of effective motor signals from the cortex to muscles or
sensory feedback from muscles to the cortex could be contributing to a change in
ipsilateral BOLD response. Additionally, type 2 diabetes mellitus has been associated
with a disruption in neurovascular coupling at early stages of the disease. This can
subsequently lead to changes in the blood oxygen level dependent (BOLD)
response(168). Changes in BOLD response may also be influenced by abnormally high
blood pressure. Hypertension, for example, has been shown to increase cerebral BOLD
signal resulting in false detection of neuronal activation (169). Thus, the variability in
laterality observed in our control participants may simply be a reflection of their risk
factors which were not controlled for in previous studies. Furthermore, this may explain
why we were unable to detect a significant difference in laterality index as observed by
other groups.
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Variability of Laterality in Stroke
A substantial amount of variation in laterality indices were also observed in the stroke
group. This may be the result of the chronicity of our stroke participants compared to
previous studies which often included patients in their subacute phase of stroke
(approximately 3 months)(170). All of our participants were in the chronic stages of
stroke (>6months) but many were significantly more chronic (>12 months since their
stroke event). Previous studies report that reduced laterality improves with time since the
stroke event occurred(171). In particular, patients with good recovery often show
improved laterality comparable to controls, while only those with poor outcome maintain
reduced laterality. As a result, our participants with good recovery may be more
lateralized then other studies due to improvements in lateralization over time. Another
potential contributor to the variability in laterality is that the location of the stroke was
not consistent in the left or right hemisphere across participants.

As a result, some

“affected hand” laterality indices were taken from participants while they were moving
their dominant hand, while others used their non-dominant hand.

Limitations
There are several limitations to the current study that should be taken into consideration.
Laterality after stroke is likely dependent on a number of factors including the chronicity
of stroke, and size of the stroke lesion. We were not able to control for the length of time
since the stroke event occurred or lesion volume across our stroke participants. Due to
the limited sample size of this cohort, these two variables could not be systematically
evaluated for their contribution to laterality. Future studies with larger sample sizes may
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be able to evaluate their contribution using multivariate regression models. A second
important limitation to this study is the reliability of the BOLD signal in patients with
stroke. BOLD imaging is generally performed with the assumption that neurovascular
coupling is similar to that seen in healthy controls. Several studies suggest that stroke
patients exhibit atypical cerebral blood oxygenation, blood volume and blood flow
patterns all of which have implications on attaining a reliable BOLD signal(172). To
reduce confounds associated with disrupted vascular physiology, we used a block design.
A block design is less dependent upon the timing and shape of the hemodynamic
response function (HRF) and therefore was likely less susceptible than an event related
design. Additionally, we determined laterality values which are relative to one another
rather than absolute. Therefore, our laterality values are less dependent upon the
magnitude of BOLD response in a discrete area, but are rather a reflection of the
difference in magnitude within an individual participant’s brain. Nevertheless, we cannot
rule out the possibility that stroke participants had localized differences in hemodynamic
response which preferentially affected one hemisphere. As was mentioned in the previous
chapter, we included diffusion scans with b-values up to 2000 s/mm2 in fitting to the
conventional DTI signal model. This range of b-values is greater than that typically used
for DTI studies and may have affected the results.

Future Directions
Overall, these data demonstrate that white matter of the corpus callosum has an impact of
the cortical reorganization of the post-stroke brain. To confirm these findings, future
studies should directly measure interhemispheric inhibition using TMS and
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neurophysiology measures to understand the relationship to corpus callosum integrity in
stroke. The majority of studies evaluating interhemispheric inhibition have been from
small sample sizes and therefore have not been able to compare stokes lateralized to the
left versus right hemisphere or those which are cortical versus subcortical. Future studies
should use large sample sizes in order to have sufficient power to evaluate this
heterogeneity and its interaction with corpus callosum integrity. Furthermore, this
relationship should be evaluated at various time points post-stroke as brain reorganization
is known to change over time. Ultimately, these data may help identify how corpus
callosum white matter integrity can be used as a biomarker to help guide TMS treatment
selection.
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CHAPTER 4
WHITE MATTER INTEGRITY INFLUENCES TMS SIGNAL PROPAGATION

Summary of Study:
Background: Transcranial magnetic stimulation (TMS) can stimulate cortical and
subcortical brain regions. However, in order to reach subcortical targets, intact
monosynaptic connections are required. The goal of this investigation was to evaluate
the contribution of white matter integrity and gray matter volume to frontal pole TMS evoked striatal activity in a group of non-stroke participants.
Methods: 49 cocaine users received single pulses of TMS to the frontal pole while
BOLD data were acquired – a technique known as interleaved TMS/fMRI. Diffusion
tensor imaging and voxel-based morphometry were used to quantify white matter
integrity and gray matter volume (GMV), respectively. Stepwise regression was used
to evaluate the contribution of clinical and demographic variables to TMS-evoked
BOLD.
Results: Consistent with previous studies, frontal pole TMS evoked a BOLD response
in monosynaptic connections including the striatum (caudate and putamen). The size
of the TMS-evoked response was related to fractional anisotropy between the frontal
pole and putamen and GMV in the left frontal pole and left ACC.
Conclusions: This is the first study to demonstrate that the effect of TMS on
subcortical activity is dependent upon the integrity of white matter. These biomarkers
should be considered when performing TMS populations with disrupted white matter
or gray matter.
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Introduction
Transcranial magnetic stimulation (TMS) is a tool with the capability of focally
stimulating cortical targets. However, due to the limited penetration depth of TMS
(approximately 20mm), only superficial cortical layers of the brain can be directly
stimulated. Fortunately, TMS can indirectly modulate deep brain structures via afferent
connections. This was elegantly demonstrated by Strafella and colleagues, who showed
that dorsolateral prefrontal cortex TMS can cause an increase or decrease in caudate
dopamine (173). This was also demonstrated for cortical stimulation of the primary motor
cortex in which 10Hz rTMS caused an increase of dopamine in the putamen (174).
Additionally, functional neuroimaging studies have shown single pulses of TMS with a
figure-of-eight coil to the ventromedial medial prefrontal cortex (VMPFC, or frontal
pole) can induce causal changes in the striatum, the cingulate, and the insula (175-178).
An often overlooked element, however, is that subcortical modulation via TMS
requires that the induced electric field at the cortex be able to reach the subcortical targets
through intact structural connections. As demonstrated in chapters two and three, whitematter integrity is disrupted in chronic stroke patients relative to age matched controls.
Thus white matter integrity throughout the brain may be an important biomarker of TMS
efficacy. To date, however, very little is known about the contribution of white matter
tract integrity to subcortical modulation in patients.
The primary goal of this study was to evaluate the effect of white matter integrity on
striatal engagement by TMS. This was performed in a cohort of 49 cocaine-dependent
individuals. While these participants did not have strokes, cocaine users are known to
have a reduction in white matter integrity and gray matter integrity relative to healthy
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controls (179, 180). This experiment evaluated the impact of two domains of neural
structure on TMS signal propagation: 1) the contribution of gray matter volume at the site
of stimulation and in the primary afferent targets of the ventromedial prefrontal cortex
and 2) the white matter integrity along the pathway between these regions (average
fractional anisotropy). Demographic and drug use variables were also evaluated as factors
associated with TMS signal propagation variability. See Figure 4-1 for a graphical
display of the hypothesis.
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Figure 4-1 Diagram of the hypothesis: White matter integrity and BOLD. TMS coil
is shown stimulating pyramidal neurons in the cortex. These neurons send projections to
subcortical targets such as the striatum and are insulated by myelin sheaths shown as blue
rectangles. A reduction in myelination as well as degeneration of axons causes lower
fractional anisotropy (FA) values. When white matter integrity is high (high FA) the
BOLD signal is expected to be larger than when white matter integrity is poor (low FA).
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Methods
Participants
Recruitment and Selection Criteria. All experimental protocols were reviewed and
approved by the Medical University of South Carolina Institutional Review Board
(MUSC IRB). All study methods were carried out in accordance with relevant guidelines
and regulations. Fifty-one (51) non-treatment-seeking cocaine-dependent individuals [26
males, 25 females; mean (SD) age = 38 (9) years] were recruited from the community to
participate in one of three multimodal imaging studies. The participants were recruited
through treatment programs and had to have used cocaine or crack-cocaine by any route
within the last 5 years. Potential participants were excluded if they reported current use of
prescription or illicit psychoactive drugs other than cocaine or marijuana, or if they
reported more than 100 lifetime uses of any drug of abuse other than cocaine. Additional
exclusion criteria include a score of more than 15 on the AUDIT (181), smoking >1 pack
of cigarettes per day, current breath alcohol concentration >0.002, a lifetime history of
head injury with loss of consciousness, being pregnant or breast feeding, unstable
medical illness, or a current DSM-IV Axis I psychiatric disorder. See Table 4-1 for
participant demographics.
Clinical Assessments. Informed consent procedures were approved by the MUSC IRB
and obtained from each participant. Following informed consent procedures, participants
completed screening assessments related to protocol safety, medical, and psychiatric
history. Clinical and drug use history self-report assessments included the Structured
Clinical Interview for DSM-IV (SCID; (182)), Timeline Follow-back (TLFB; for
cocaine, alcohol, marijuana, and nicotine; (183), Alcohol Use Disorders Identification
Test (AUDIT; (181)), Fagerström Smoking Inventory (184), Beck’s Depression
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Inventory (BDI-II; (185)), and Spielberger State-Trait Anxiety Inventory (STAI; (186)).
See Table 4-1 for participant clinical assessment scores.

Table 4-1. Descriptive demographic, clinical, and drug use statistics.
n = 49
Total sample
Demographics
Sex
Age
Ethnicity
Education
Cocaine use
Preferred drug administration

26 M, 23 F
38.5 (± 8.9) years
35 AA, 13 C, 1 H
12.8 (± 2.0) years
19 smoke, 19 snort,
3 both, 8 unreported
21.5 (± 6.4) years
17.1 (± 9.4) years
$187.24 (± $172.36)
11.8 (± 7.4) days
6.1 (± 16.3) days

Age of first cocaine use
Total duration of cocaine use
Amount $ spent per week
Days used in last 30 days
Time since last use (at visit)
Other substance use
Nicotine smokers
43 (88%)
Nicotine severity (Fagerström)
2.9 (± 2.5)
Marijuana smokers
35 (71%)
Days MJ used in last 30 days
7.4 (± 10.5) days
Alcohol use severity (AUDIT)
9.3 (± 7.0)
Age first alcohol use
16.4 (± 3.4) years
Mental status
Depressive symptoms (BDI)
8.7 (± 9.1)
State Anxiety (STAI-S)
33.9 (± 12.7)
Trait Anxiety (STAI-T)
38.1 (± 12.8)
TMS-related measures
Scalp-to-cortex distance (mm)¥
16.2 (± 3.3) mm
TMS threshold%
72.8% (± 12.8%)
Abbreviations: M = male; F = female; AA = African-American; C = Caucasian; H =
Hispanic; MJ = marijuana; AUDIT = Alcohol Use Disorders Identification Test; BDI =
Beck's Depression Inventory; STAI = Spielberger State-Trait Anxiety Inventory. Values
either indicate mean (± standard deviation) or count (percent%). ¥Scalp-to-cortex distance
(mm) for VMPFC coil placement at EEG 10-20 FP1.

85

Stimulation Protocol and Data Acquisition
TMS Motor Threshold. Participants were brought into the imaging center to determine
their resting motor threshold—rMT, the minimum stimulation intensity needed to apply
over the hand area of the primary motor cortex to induce contraction of the contralateral
abductor pollicis brevis muscle at least 50% of the time—using the standardized PEST
procedure (187). The resulting rMT parameters were used to set the stimulation dose for
the TMS/fMRI session. During the motor threshold process, TMS was applied using a
Magstim SuperRapid stimulator (Magstim Inc., Morrisville, NC) which generates
biphasic electrical pulses (250 µs). The stimulator was located outside of the MR
scanning room and the cable which is typically attached to the TMS coil was attached to
an RF filter. The pulses were delivered through an 8-m cable which was attached to the
bottom of an RF filter and passed through the waveguide into the MR scanning room
where it was led through the bore of the MRI scanner and terminated in a custom nonferromagnetic figure-of-eight TMS coil.
TMS Coil Positioning. Consistent with our previous TMS studies (176-180), VMPFC
coil position was determined using standardized coordinates from the EEG International
10-20 system for electrode placement (with FP1 corresponding to the left VMPFC
stimulation target; Figure 4-2). The EEG 10-20 system was used as the basis for TMS
coil positioning as it accounts for variability in participant skull size and is consistently
used in clinical TMS applications. The location and orientation of each participant’s coil
placement was indicated on a nylon cap which participants wore throughout the study
visit. Participants were positioned supine on the scanner bed and the TMS coil was
mounted in the MR head coil with a custom TMS coil holder adjustable in six directions.
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Figure 4-2 Experimental Design of Interleaved TMS/fMRI. TMS was delivered to
the left frontal pole in 51 individuals with cocaine use disorder. The TMS pulses were
interleaved with T2*-weighted functional imaging (left). The position of the coil was
based on the EEG 10–20 system FP1 location (right).
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Interleaved TMS/fMRI Image Acquisition
All participants were scanned using a Siemens 3.0 T Tim Trio (Siemens Medical,
Erlangen, Germany) MRI scanner with a 12-channel head coil. A series of single TMS
pulses (100% rMT) were applied during a 100-ms gap between volumes
(flip angle = 90°; TR/TE = 2500 ms/23 ms; FOV = 192 mm; 43 slices; final voxel
resolution = 3mm3). Pulses were presented every 10–12 sec. For the three data sets
included in this investigation, the total volumes collected were 35, 106, and 44,
respectively. The number of pulses administered was included as a covariate in all
analyses to account for differences in TMS/fMRI parameters across the three data sets.
Diffusion Tensor Imaging
Diffusion-weighted images were obtained using a twice-refocused echo-planar
sequence with 2 diffusion weightings (b = 0, 1000 s/mm 2) along 30 diffusion encoding
directions (50 slices, 0% distance factor, 222 × 222 FOV, 74 × 74 matrix,
TR = 6400 ms, TE = 96 ms, slice thickness = 2.7 mm, partial Fourier encoding: 6/8, no
interpolation, 2 averages). Forty (40) subjects had diffusion images. Eighteen of the 40
subjects had a diffusion protocol identical to the first set with the exception of the
following parameters: TR = 6700 ms, TE = 87 ms, slice thickness = 3 mm.
Anatomical MRI Acquisition for Voxel Based Morphometry
High-resolution T1-weighted images were obtained using an inversion recovery 3D
spoiled gradient echo (3DSPGR) sequence (TR = 1900ms, TE = 2.26 ms, flip
angle = 90°, 128 slices, matrix size = 256 × 256, FOV = 24 cm, slice
thickness = 1.5 mm with no gap between slices, giving an in-plane resolution of
0.94 mm).
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Neuroimaging Data Analysis
Interleaved TMS/fMRI Image Analysis
Standard spatial preprocessing was performed on TMS/fMRI data via SPM12
(Welcome Department of Cognitive Neurology, London, UK) implemented in Matlab
7.14 (MathWorks, Inc., Natick, MA) using custom scripts. The data were corrected for
acquisition time (slice timing), realigned to the first volume (motion correction),
normalized into a standardized neuroanatomical space (Montreal Neurological Institute
(MNI) ICBM152 brain template), and smoothed using a Gaussian kernel of 8 mm for
the group analysis to reduce the variance due to anatomical variability. Of the 51
recruited participants, 2 participants were excluded for excessive head motion artifact
(>2 mm in any plane; X, Y, Z, roll, pitch, yaw). Data analyses were conducted on the
remaining 49 participants [26 males, 24 females; mean (SD) age = 39 (9) years; see
Table 1 for detailed demographics]. General linear modeling (GLM) analysis of fMRI
data was performed for each participant modeling the TMS pulse as an event
convolved with the canonical hemodynamic response function. Statistical contrast
maps were constructed for each participant by comparing brain response to the TMS
pulses vs. brain activity during baseline (rest periods). A group-level contrast map was
then computed to reveal significant areas of TMS-induced brain activation across
participants. Significant clusters were identified as those with two-sided p < 0.001,
uncorrected, k = 58 to achieve cluster-level p-values at a Family Wise Error (FWE)correction equivalent to α < 0.05 (SPM12 default uses Gaussian Random Field Theory
correction).
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Diffusion Tensor Imaging Analysis. Raw diffusion-weighted images (DWIs) were first
quality checked for artifacts and excessive head motion. FSL’s v5.0
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) BET was used to extract the brain from each
subject’s B0 image. DWI’s (1 B0, 30 gradient directions) were then preprocessed using
FSL’s eddy, and masked with their respective B0 extracted brain. Motion-corrected
DWIs were then imported into MRtrix3 (http://www.mrtrix.org) to estimate tensors.
Fractional anisotropy (FA) and mean diffusivity (MD) metrics were then calculated
(188). Using FSL’s Tract Bases Spatial Statistics, FA maps were normalized into MNI
space and skeletonized. Tract ROIs were then overlaid on all subjects’ skeletonized FA or
MD maps and metric values were extracted.
Tract ROIs were created using the WU-Minn Human Connectome Project (HCP)-842
atlas which contains reconstructed diffusion data in MNI space (http://dsistudio.labsolver.org/download-images/hcp-842-template) (189). Fibers from the HCP842 (2 mm) atlas were tracked (angular threshold 60 degrees) by placing a seed in FP1
and end regions in 8 regions of interest from the standard AAL template that showed
significant activation following VMPFC stimulation (right and left caudate, putamen,
ACC, and insula) (see Figure 4-3). Tracts identified using the HCP-842 atlas included
FP1 to left caudate, left putamen, left ACC, and right ACC. Tracts were converted into
ROIs for subsequent analysis. To determine the relationship between TMS-evoked
BOLD response and white matter integrity, each participant’s FA and MD values were
used as regressors to first-level contrast maps of interleaved TMS/fMRI. The analysis
was performed as a GLM within SPM12. As previously described (178), an implicit
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mask restricted analysis to regions shown to respond to TMS over the frontal pole
including the frontal cortex, insula, amygdala, pallidum, thalamus, hippocampus, and
striatum. Partial correlations of BOLD (beta weights extracted from significant clusters)
and FA were performed using SPSS version 24. Covariates modeled in the GLM and
partial correlations included age, number of interleaved TMS pulses administered,
diffusion parameter group, and scalp-to-cortex distance.
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Figure 4-3 ROIs for VBM and DTI Analysis. Regions-of-interest (ROIs) used for the
VBM analysis and seeds for the DTI analysis. ROIs were selected from the standard
Automated Anatomical Labeling (AAL) Atlas. (AAL: caudate (Caudate_L, Caudate_R;
yellow), putamen (Putamen_L, Putamen_R; green) insula (Insula_L, Insula_R; pink), and
anterior cingulate cortex (left and right Cingulum_Ant; blue). Additionally a custom ROI
was created for FP1 using a cortical location previously described [47], wherein a
spherical ROI was created with a radius of 20mm and masked with an MNI brain mask
(FP1; red). FP1 (red) was used as the starting seed, while the other ROIS were end seeds
in the DTI analysis.
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Voxel-Based Morphometry. Voxel-based morphometry (VBM) was executed using
SPM12. First, T1-weighted structural images were segmented into white matter (WM),
gray matter (GM), and CSF images using SPM’s Segment tool. DARTEL was used to
determine non-linear deformations needed to align subjects’ GM images (190). DARTEL
was utilized because it increases the accuracy of inter-subject registration, a feature
critical to voxel based morphometry studies that allows for more precise comparisons of
GMV across subjects(191). Finally, images were spatially normalized, brought into MNI
space and smoothed using a 6mm FWHM kernel. Analyses were performed using
“modulated” GM images. Local gray matter volume (GMV) estimates (measured as
units of voxel intensity) were extracted from each subject’s left and right caudate,
putamen, ACC, insula, and FP1 based on data from previous studies (192)). Regions-ofinterest (ROIs, see Figure 4-3) were selected from the standard Automated Anatomical
Labeling (AAL) Atlas. (AAL: left caudate (AAL: Caudate_L), right caudate (AAL:
Caudate_R), left putamen (AAL: Putamen_L), right putamen (AAL: Putamen_R), left
insula (AAL: Insula_L), right insula (AAL: Insula_R), and anterior cingulate cortex
(AAL: left and right Cingulum_Ant). Masks of each ROI were created in Matlab using
the WFU PickAtlas toolbox (Wellcome Trust Centre for Neuroimaging, London, UK).
Additionally a custom ROI was created for FP1 using a cortical location previously
described [47], wherein a spherical ROI was created with a radius of 20mm and masked
with an MNI brain mask. Global normalization was accounted for by dividing each
ROI’s mean GMV value by the total intracranial volume (TIV) of that subject. To
determine the relationship between TMS-evoked BOLD response and GMV, VBM GMV
values from each subject were used as regressors to first-level contrast maps of
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interleaved TMS/fMRI. Partial correlations of BOLD (beta weights extracted from
significant clusters) and GMV were performed using SPSS version 24.0. Control
variables for the GLM and partial correlations included age, number of interleaved pulses
administered, and scalp-to-cortex distance
Scalp-to-Cortex Distance Quantification. Given that effects of TMS on cortical
depolarization are proportional to the distance between the scalp and cortex (193, 194),
we calculated the distance from the scalp to cortex on the transverse plane of anatomical
images for each participant using dedicated scalp-to-cortex distance measurement
software (195). The average distance from participant-specific placement of FP1 to the
nearest cortex was 16 mm (± 3 mm). These distances were incorporated into the analyses
as covariates.
Stepwise multiple linear regression. To evaluate the contribution of clinical variables to
variance in TMS-evoked BOLD signal, the stepwiselm function in MATLAB R2017b
was used. This function uses both forward and backward steps to identify the best linear
model for that data. The AIC was used as the criterion for inclusion. A separate model
was built for each brain region, beginning with the same set of predictor variables. The
initial set of variables included can be found in the first column of Table 4-3, all were
selected for practical potential and to limit multicollinearity. Of the full potential set of
clinical variables, trait anxiety was omitted, due to its high relation to state anxiety, and
participant’s age was not included because it was a strong predictor of years of use. The
stepwise linear regression method is associated with some limitations, particularly when
it comes to interpreting the usefulness of the final model. For this reason, we choose a
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conservative interpretation of results, using this as an exploratory method repeated over
several brain regions to identify potentially important variables.
Results
Spatial Topography of TMS-evoked BOLD Signal
Following VMPFC TMS, TMS-evoked BOLD signal increases were revealed in
striatal regions, including the bilateral nucleus accumbens, bilateral caudate, and
bilateral putamen, as well as in salience circuit regions, including bilateral anterior
cingulate cortex (ACC) and anterior insula (cluster-level pFWE < 0.05, k ≥ 58; Figure
4-4, Table 4-2). TMS-evoked BOLD signal increases were also revealed in the
bilateral thalamus, bilateral superior temporal gyrus, bilateral lateral occipital, and
precuneus. There were no regions with significant decreases following VMPFC
stimulation. The average beta value for each of the ROIs is in Figure 4-5.

Diffusion Tensor Imaging
The highest FA values were seen in white-matter tracts connecting the site of
stimulation to the ACC, followed by the putamen and caudate (See Figure 4-6).
Meanwhile, the lowest FA values were seen at the site of stimulation (FP1), a cortical
region. Mean FA values (±SD) were as follows: FP1 = 0.360 (±0.030); FP1 to left
putamen = 0.499 (±0.035); FP1 to left caudate = 0.425 (±0.033); FP1 to left
ACC = 0.5256 (±0.044); FP1 to right ACC = 0.597 (±0.033). As expected, mean
diffusivity (MD) in these tracts were higher in regions with low FA values (See Figure
4-6 and 4-7). Mean MD values (±SD) were as follows: FP1 = 0.670 × 10 −3 mm2/s
(±7.0 × 10−5); FP1 to left putamen = 0.662 × 10 −3mm2/s (±7.4 × 10−5); FP1 to left
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caudate = 0.669 × 10 −3 mm2/s (±7.2 × 10−5); FP1 to left ACC = 0.649 × 10 −3 mm2/s
(±6.1 × 10−5); FP1 to right ACC = 0.647 × 10 −3 mm2/s (±6.1 × 10−5).

Figure 4-4 TMS-evoked BOLD Response in Cocaine Users. Delivering TMS to the
left frontal pole elicits robust responses in nucleus accumbens, caudate, putamen,
anterior cingulate, insula, thalamus, superior temporal gyrus, and precuneus. All
clusters Family Wise Error multiple comparison-corrected to p < 0.05.
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Table 4-2 Brain Regions Significantly Modulated by VMPFC TMS in Cocaine Users
L/R

Significant clusters

BA

MNI
coordinates

Max
t

Clusterlevel p

<0.001

x

y

z

38

−57

8

−1

10.04

VMPFC stimulation: elevated BOLD signal
L

Anterior insula
Superior temporal gyrus

L

Middle temporal gyrus

21

−63

−52

11

10.02

L

Superior temporal gyrus

38

−54

5

−4

9.47

R

Posterior insula

48

36

−16

2

9.27

Anterior insula
Putamen
1 cluster,
k = 7373

L

Middle temporal gyrus

37

−57

−58

2

9.15

L

Thalamus

—

−8

−16

2

6.15

R

Caudate

—

10

4

2

5.35

—

−8

4

−2

4.55

Nucleus accumbens
L

Caudate
Nucleus accumbens

1 cluster,
k = 1727

1 cluster, k = 58

R

Thalamus

—

11

−18

6

4.35

L

Putamen

—

−26

1

0

4.04

R

Middle cingulate cortex

31

12

−31

50

6.34

L/R

Anterior cingulate cortex
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8

5

38

6.08

L/R

Anterior cingulate cortex

24

−9

2

40

5.78

L/R

Anterior cingulate cortex
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0

17

32

5.77

L

Middle cingulate cortex

31

−12

−34

44
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L

Inferior occipital lobe
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−42

−88

−1
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L

Inferior occipital lobe

18

−24

−97

−1
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L

Middle occipital lobe
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−33

−94

11

3.46

L
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17

−24
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8

3.36

L

Middle occipital lobe

19

−48

−82

2

3.18

<0.001

0.039

Middle temporal lobe
VMPFC
stimulation:
attenuated
BOLD signal

No significant clusters

Abbreviations: VMPFC = ventromedial prefrontal cortex; TMS = transcranial magnetic
stimulation; L = left; R = right; BA = Brodmann’s area; MNI = Montreal Neurological Institute;
Max t = Maximum t-value; k = number of voxels; BOLD = blood oxygen-level dependent
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Figure 4-5 Beta Values. Mean BOLD signal beta values (± standard deviation)
extracted from bilateral ventromedial prefrontal cortex (VMPFC), and various
salience and striatal regions. L = left; R = right; ACC = anterior cingulate cortex.
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Figure 4-6 Mean Fractional Anisotropy of Tracts. Mean fractional anisotropy (FA)
measures (± standard error of mean) extracted from each cocaine subject’s skeletonized
FA map. Regions of interest for extraction included the site of stimulation (FP1), and
tracts from the site of stimulation to left putamen, left caudate, left anterior cingulate
cortex (ACC) and right ACC.
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Figure 4-7 Mean Diffusivity of Tracts. Mean diffusivity (MD) measures (± standard
error of mean) extracted from each cocaine subject’s skeletonized MD map. Regions of
interest for extraction included the site of stimulation (FP1), and tracts from the site of
stimulation to left putamen, left caudate, left anterior cingulate cortex (ACC) and right
ACC.
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Voxel-Based Morphometry
Mean VBM GMV values were measured in units of voxel intensity (±SD) and were as
follows: at the site of stimulation FP1 = 0.292 (±0.0301), in the left caudate = 0.327
(±0.0316) and right caudate = 0.324 (±0.0318), left putamen = 0.394 (±0.0405) and
right putamen = 0.413 (±0.0372), left ACC = 0.384 (±0.0374) and right ACC = 0.335
(±0.0325), and left insula = 0.410 (±0.0314) and right insula = 0.419 (±0.0339) (results
displayed in Figure 4-8).

Relationship between TMS-evoked BOLD signal and white matter integrity
The FA values along the FP1 to left putamen tract were positively associated with
TMS-evoked BOLD signal in the bilateral putamen, and bilateral caudate (k = 682,
cluster FWE corrected p < 0.005) (See Figure 4-9). The partial correlation between FA
in the FP1 to left putamen tract and TMS-evoked BOLD response in the striatal cluster
(r = 0.441, p = 0.002) is shown in Figure 4-8. There was no significant relationship
between FA values along the tract of FP1 to left caudate or ACC and TMS-evoked
BOLD signal. MD measures in FP1 and along the tracts of interest were not
significantly correlated with TMS-evoked BOLD response.
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Figure 4-8 Voxel Based Morphometry of ROIs. Mean voxel-based morphometry
(VBM) gray matter volume values (± standard error of mean) extracted from the site of
stimulation (FP1) and various salience and striatal regions. To correct for global effects
of head size, VBM gray matter volume was divided by each subject’s total intracranial
volume (TIV: CSF, WM, GM). ACC = anterior cingulate cortex; AAL = Automated
Anatomical Labeling.
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Figure 4-9 Relationship Between TMS Evoked BOLD and Fractional Anisotropy.
Using deterministic tractography, the tract between FP1 and the left putamen was
isolated and the average FA values along the tract were compiled for each individual
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(A). As a group, there was a significant positive relationship between FA value along
the tract and TMS-evoked BOLD signal in the striatum bilaterally (B). Individuals
with higher tract integrity had a larger effect of TMS in these afferent targets of the
frontal pole. A scatter plot shows the relationship between FP1 to putamen fractional
anisotropy and cluster beta values after controlling for age, TMS pulses administered,
diffusion protocol, and scalp to cortex distance (C).
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Figure 4-10 Relationship between gray matter integrity and subcortical response to
TMS. Using voxel-based morphometry, the gray matter volume at the site of
stimulation and afferent targets (see Figure 4-3 ROIs) was isolated. As a group, there
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was a significant positive relationship between the gray matter volume in the cortical
site of stimulation (FP1) and TMS-evoked BOLD signal in the anterior-cingulate, as
well as the orbitofrontal cortex. Individuals with higher gray matter volume had a
larger effect of TMS in these cortical afferent targets. A scatter plot shows the
relationship between FP1 gray matter volume and cluster beta values after controlling
for participant age, TMS pulses administered and scalp to cortex distance (B).
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Relationship between TMS-evoked BOLD signal and gray matter integrity
The GMV at the site of stimulation (FP1) was positively associated with TMS-evoked
BOLD signal in the bilateral ACC, medial orbitofrontal cortex, and superior frontal
gyrus (k = 829, cluster FWE-corrected p < 0.005) (See Figure 4-10). The partial
correlation between FP1 gray matter volume and TMS-evoked BOLD in this cluster
(r = 0.575, p < 0.001) is shown in Fig. 4B. GMV in the left ACC was positively
associated with TMS-evoked BOLD signal in a large cluster which included the left
ACC (as well as the left middle cingulate, right anterior cingulate, and medial
orbitofrontal cortex; k = 1309, cluster FWE corrected p < 0.001). GMV in the caudate,
putamen, insula, and right ACC did not have a significant relationship to TMS-evoked
BOLD signal.

Relationship between TMS-evoked BOLD signal and clinical variables
Examining the variables that remained in each model following the stepwise linear
regression process, certain variables showed up repeatedly as significant predictors
(see Table 4-3). BDI remained in the models as an important predictor for each of the
brain regions, with the exception of FP1. BDI had a positive linear relationship with all
regions, indicating that individuals with a higher BDI score had greater striatal and
limbic TMS-evoked BOLD response. Scalp-to-cortex distance and TMS threshold also
appeared to be important predictors of TMS-evoked BOLD response, as they remained
in the models for seven of the nine brain regions. Scalp-to-cortex distance had a
negative linear relationship with each region, except for FP1 and the left putamen.
TMS threshold had a positive linear relationship with all regions, except the left and
right putamen. The remaining variables appeared more sparingly in this analysis. This
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does not necessarily indicate that the other variables were not good predictors, but that
they may have a more isolated relationship with TMS-evoked BOLD response that
would warrant further investigation.

108

Table 4-3 Stepwise Multiple Linear Regression Results

The betas (𝛽𝛽) and p-values (p) reflect the contribution of each variable to the regression
model for that brain region. L occipital and L auditory were included as negative
controls. Abbreviations and notations: L = left; R = right; # = number of models in which
that variable significantly contributed; % = percent of all models in which that variable
significantly contributed; BDI = Beck's Depression Inventory; Scalp Distance = scalp tocortex distance (mm); State Anxiety = State-Trait Anxiety Inventory; Years of Use =
years of cocaine use; AUDIT = Alcohol Use Disorders Identification Test; Fagerstrom =
Fagerstrom Test for Nicotine Dependence.
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Discussion
Transcranial magnetic stimulation (TMS) is being explored as a neuromodulation
approach for stroke rehabilitation as well as a variety of other neurological and
psychiatric disorders. One primary feature of TMS that distinguishes it from other
neuromodulation techniques is that through direct modulation of the cortex, it is possible
to indirectly modulate subcortical regions monosynaptically connected to the target (196198). This general principle of TMS assumes that the structural architecture of the brain
is intact. However, as demonstrated in chapters 2 and 3, stroke patients often experience
degradation of the white matter tracts necessary to propagate the TMS signal. To
examine the influence of white matter integrity on signal propagation we studied a nonstroke population (cocaine users) which also experience white matter degradation.
In this study we present, for the first time, a large set of data which demonstrates that the
effects of TMS on cortical and subcortical activity are dependent upon the structural
architecture of white and gray matter in the brain. Specifically, single pulses of TMS
applied to the left VMPFC of cocaine users are significantly more likely to evoke
changes in BOLD signal in the striatum in individuals that have higher values of
fractional anisotropy along the tract that connects the VMPFC to the striatum.
Additionally, higher levels of gray matter volume in the vicinity of the coil are associated
with a higher BOLD signal in the ACC and OFC. These data represent the first set of
empirical evidence that the efficacy of TMS as a tool to modulate subcortical regions is
dependent upon the structural integrity of the pathway from the cortical target. These
findings suggest that future studies should use structural architecture as a covariate in

110

their analyses, as the future clinical utility of TMS is dependent on considering structural
architecture as a tool for patient-specific dosing.
Because traditional figure-of-eight TMS coils only have stimulation penetration depths
of approximately 20 mm (49), subcortical modulation by TMS depends on functional
connectivity between cortical targets and their subcortical afferents, which is likely
dependent on an intact structural pathway between regions. Both clinical and preclinical
studies have shown structural connectivity measures, such as white matter integrity, to be
highly related to functional connectivity (199, 200). Furthermore, this association
between structural and functional connectivity has even been shown in resting state
networks in the absence of tasks(201).
Although the participants studied here were not stroke patients, there is considerable
evidence that cocaine users have significantly reduced white matter integrity within and
between frontal-striatal-thalamic regions (179, 180, 202, 203). However, it is also
important to note that the degree of white matter integrity disruption is likely to be
significantly greater in stroke patients relative to cocaine users (especially in elderly
patients with larger infracts). Therefore, stroke patients with relatively subtle changes in
white matter integrity may also have diminished response to TMS in subcortical or
remote targets.
Consistent with previous studies, we found a range of white matter integrity and gray
matter volumes across frontal-striatal regions in cocaine users (204, 205). We
hypothesized that lower white matter integrity would impede responses to VMPFC TMS
in the frontal-striatal-thalamic circuit. Although we found that white matter integrity is, in
fact, positively related to neural response to VMPFC TMS, this was not consistently the
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case. There were several white matter tracts (e.g. frontal pole-caudate) for which there
was no significant relationship between FA value and TMS-evoked BOLD signal, despite
the range of FA values identified.

It is possible that for some individuals this

phenomenon may reflect what is known as cognitive or brain reserve. Brain reserve can
be defined as the brain's resilience, or its ability to cope with increasing damage while
still functioning adequately (206-208). For instance, in some patients with Alzheimer’s
disease, there is a discrepancy between the degree of Alzheimer's disease neuropathology
and the clinical manifestations of the disease (209). Some patients whose brains have
extensive Alzheimer's disease pathology, clinically show little to no manifestations of the
disease. These patients with a higher brain reserve show greater thresholds before clinical
deficits appear (210). Likewise, our data may suggest that some cocaine users may need
to exhibit substantial structural white matter loss before showing functional implications
(i.e. impairments in processing between cortical and subcortical regions) that would
affect TMS-evoked responses. If this reasoning is correct using a stroke patient
population (with more severe white matter damage) may reveal a more consistent
association between white matter integrity and TMS evoked BOLD.
Interestingly, we also found that gray matter volume at the site of stimulation is critical
for activating cortical regions adjacent to the site of stimulation. Surprisingly, this
association was even detected when correcting for scalp to cortex distance, and age.
Therefore, it is important for investigators to consider cortical volume measurements in
addition to scalp-to-cortex distance. These findings are particularly germane for the
stroke population which experience significant cortical atrophy as a result of aging and
brain injury. Aside from direct cortical damage from ischemia, regions distant to the
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lesion also atrophy(211). Post stroke cognitive impairments in particular have been
associated with the degree of general cerebral atrophy(212). In the aging population
which makes up the majority of stroke patients, cortical gray matter reduction is
particularly pronounced in the prefrontal cortex(213).
Another interesting observation from these data is that while the white matter integrity
from the site of stimulation to subcortical afferents accounts for a significant percent of
the observed variance, there is still variance in the regional BOLD signal that is not
accounted for by structure alone. Specifically, the logic of the present study would
suggest that the area whose white matter tract has the greatest FA would also have the
greatest BOLD response. This is, in fact, verified with the ACC.

The local maxima of

BOLD signal in the left ACC, caudate, and putamen peak at 6.08, 4.55, and 4.04
respectively (See Table 4-2). The FA value along the tract for the left ACC, caudate, and
putamen are 0.52, 0.50, and 0.43 respectively (See Figure 4-6). So, while the ACC has
the highest BOLD signal and the highest FA (consistent with the logic of the present
study) the caudate and putamen appear in a different order. Interestingly, if we extract
Beta-values from ROIs for the BOLD data, the putamen has the highest average BOLD
beta value (0.79), the ACC is very close (0.67), yet the caudate is, again, near the bottom
(0.18) (See Figure 4-5). Taken together these data indicate that while FA has a
significant contribution to the direct effects of TMS on evoked BOLD signal, there are
likely other variables that contribute to BOLD signal elevations in an interleaved
TMS/MRI paradigm. This is well demonstrated in Figure 4-5 wherein the BOLD signal
in left auditory cortex (positive control ROI) is greater than any other ROIS (likely due to
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the sound of TMS).

Future studies using sham-TMS paradigms are necessary to

examine the direct and indirect effects of TMS on evoked BOLD signal.
Furthermore, we also investigated other common sources of variance that we
hypothesized might influence TMS-evoked BOLD activity. To name a few, sex (214),
duration of use (215), and use severity (216) have been associated with differing patterns
of drug cue-related activation in substance users. Taking advantage of our large
heterogeneous sample, the present study sought to identify clinical and demographic
factors that might influence the brain’s response to VMPFC TMS. Examining the
variables that remained in each model following the stepwise linear regression process,
certain variables showed up repeatedly as significant predictors. These included BDI
scores, scalp-to-cortex distance, and TMS threshold. One potential explanation for the
relationship with BDI scores is that depressive symptoms have been associated with
attentional bias for negative stimuli (217). While interleaved TMS/fMRI may only be
experienced as a mildly unpleasant stimulus among healthy subjects, depressed subjects
tend to shift their attention toward negative stimuli. Furthermore, attentional bias to
negative stimuli among depressed subjects has previously been associated with an
increased activation of striatal and salience network regions (218).
Factors including sex, days of cocaine use in the last month, marijuana use, nicotine use,
AUDIT scores, and State-Trait Anxiety scores were not significantly related to TMSevoked BOLD response in the frontal-striatal-thalamic circuitry. This suggests that, other
than the structural architecture of the brain as described above, TMS to the VMPFC is
likely to induce reliable and consistent neural responses despite inherent individual
variability in these factors.
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There are a few limitations of the present work that deserve consideration. As with most
studies of cocaine-dependent individuals, 43 of the 49 participants were nicotine users,
and 35 were marijuana users. This diverse but representative sample precludes our ability
to state that this is a property specific to cocaine, but increases the likelihood that these
findings are a more general principle of the neurobiology of TMS rather than something
specific to a given category of drug use. Further studies in populations with stroke or
neurodegenerative demyelinating disease are needed to fully explore the transdiagnostic
relevance of this study. Additionally, this manuscript represents the amalgamation of
three different data sets which had different numbers of TMS pulses. Although this was
accounted for in the analysis, it is important to note that there may have been other
systematic aspects of these three studies which may influence the repeatability of the
results. Although this is a large data set it is not large enough to be sufficiently powered
to evaluate and compare each group independently.
Moving forward, these results suggest that white matter integrity and gray matter volume
should be taken into account as sources of variance when developing TMS as a treatment
tool for populations with known changes in neural structure. Although the results of this
study are limited to cocaine users, the consistency of these empirical data with current
theories regarding the mechanism of action through which TMS modulates the striatum,
suggest that this may be a transdiagnostic feature that should be taken into account when
delivering TMS to other clinical populations including stroke.

Patients with stroke are

likely to be particularly sensitive to these biomarkers as the extent of white matter
degradation is often widespread, encompassing multiple tracts important for
interhemispheric and interhemispheric motor network communication(219).
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Furthermore, this disruption of white matter integrity affects both ischemic and
hemorrhagic stroke patients at multiple levels impairment from mild to severe (220, 221).
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CHAPTER 5
CONCLUSIONS and FUTURE DIRECTIONS

We set out to create a foundation on which rTMS in stroke could be developed and
improved. White matter was introduced as a key factor in stroke rehabilitation which
might influence future rTMS clinical trials. In this dissertation we discussed white matter
integrity as a critical marker for post-stroke bimanual performance (Chapter 2), changes
in functional laterality in the motor cortex post-stroke (Chapter 3) and TMS signal
propagation in non-stroke patients (Chapter 4). In this final chapter, we will summarize
these findings and highlight the value of white matter integrity in the design of future
clinical trials using rTMS in stroke (see Figure 5-1). To emphasize this point we provide
a specific example of how white matter integrity can be incorporated into the design of an
rTMS stroke trial.
White matter integrity and post-stroke bimanual performance
Post-stroke rehabilitation studies including those using rTMS have focused on unilateral
movement with the upper extremity. Some of the common outcome measures include the
Fugl-Meyer assessment (FMA), the Wolf Motor Function Test (WMFT) and pinch or
grip strength tests. Previous studies using these measures of motor severity and function
have established an association with white matter integrity in the corticospinal tract.
While corticospinal tract integrity appears to be a useful biomarker of unilateral motor
performance, it may not be an optimal maker for bimanual function. The corpus
callosum which connects homotopic motor regions of both hemispheres mediates
successful bimanual performance in healthy controls. Thus we hypothesized bimanual
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deficits seen in stroke patients would be correlated with a reduction in white matter
integrity of corpus callosum.
To evaluate bimanual performance during a reach to grasp task we used kinematic
assessments to measure movement symmetry.

In our study we found that stroke

patients with an intact corpus callosum also demonstrated greater hand symmetry while
performing a bimanual task. Specifically, hand symmetry was correlated with the portion
of the corpus callosum connecting the left and right primary motor cortex and SMA. This
study extends our knowledge about the relationship between corpus callosum integrity
and bimanual motor control into the chronic stroke population. Furthermore it highlights
the importance of using kinematic metrics of motor performance which cannot be
captured using traditional stroke research assessments (ex. Fugl-Meyer Assessment,
WMFT, ARAT). We propose that kinematic metrics may be more robust markers of
bimanual rehabilitation and therefore are likely to reflect anatomical structures outside of
the corticospinal tract with more subtle involvement in motor control. Finally, the
results from this study support that integrity of corpus callosum is likely necessary for
successful bimanual motor control following stroke. Interventions aimed at improving
bimanual deficits in stroke patients should consider the involvement of corpus callosum
in addition to corticospinal tract.
White matter integrity and changes in laterality following stroke
TMS studies in stroke have focused on increasing cortical excitability on the lesioned
motor cortex or inhibiting cortical excitability of the non-lesioned cortex. These
stimulation protocols are based on the model of interhemispheric competition which has
been used to explain the observed changes in cortical excitability of the ipsilesional and
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contralesional hemispheres. Specifically, there is evidence that interhemispheric
inhibition from the lesioned primary motor cortex to the unaffected motor cortex is
disrupted. Inhibitory drive on the unaffected hemisphere is thought to be facilitated by
the interhemispheric fibers which make up the corpus callosum. To date there is a limited
understanding of how loss of structural integrity in this structure directly influences
functional reorganization of the motor cortex. In the third chapter of this dissertation we
examined the relationship between corpus callosum white matter integrity and laterality
of the primary motor cortex. In this experiment we measured cortical BOLD signal in the
motor cortex of control and stroke participants while they performed a unilateral hand
squeezing task. While stroke patients were expected to have less lateralized motor
cortex activation while using their affected hand, there were no significant differences
with controls. Several factors may have contributed to this including large variability in
laterality within each of the groups. Some longitudinal studies of laterality after stroke
have shown that laterality returns to “normal” in well recovered chronic stroke patients.
Thus, the large range of laterality among stroke may be a result of differences in
recovery. As expected those stroke participants with more lateralized activity had lower
motor severity scores as measured by the Upper extremity Fugl-Meyer. Corpus callosum
integrity however, was significantly correlated with laterality in participants with a left
hemisphere stroke. These results support a role for corpus callosum integrity in the
laterality of primary motor cortex during movement execution with the affected limb.
While the exact mechanism for the link between corpus callosum integrity and laterality
is not examined here, we propose that it may be the result of disrupted interhemispheric
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inhibition. Future studies using neurophysiological measures are needed to directly test
the relationship between interhemispheric inhibition and corpus callosum integrity.
White matter integrity and signal propagation
TMS is not able to focally stimulate deep brain structures due to limitations in penetration
depth(222). However, TMS is able to indirectly stimulate regions distant from the
stimulation site via monosynaptic connections. This was demonstrated by a number
studies which found striatal targets were modulated in response to TMS at the level of the
cortex. Specifically stimulation of prefrontal cortex induces a BOLD fMRI response in
striatum (178). The ability for TMS to modulate activity extends to cortical-striatal motor
loops important for sequence learning, and voluntary motor control as well (223-225).
Strafella and colleagues for example showed 10Hz stimulation of motor cortex induced
focal dopamine release in the putamen (226). It is well known that motor control requires
a distributed network of regions which often become disrupted in aging and stroke(227).
Thus, the behavioral effects of rTMS on behavior are likely to not only due to local
effects, but also require effective modulation in distant targets and connectivity between
regions(228). When performing rTMS we assume that the integrity of the connection
from the site of stimulation to monosynaptic targets is equivalent across individuals.
While dosing for rTMS is a reflection of corticospinal tract integrity, it does not directly
reflect integrity of other tracts.
In Chapter 4 we set out to understand whether the ability for TMS to have downstream
effects was dependent upon integrity of the tract from the site of stimulation to a
subcortical target. We tested this hypothesis in a group of non-stroke participants
(cocaine users). Similar to stroke patients, cocaine users experience a reduction in white
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matter integrity. We measured the integrity of a tract connecting a cortical site of
stimulation (FP1) and a subcortical monosynaptic target, the striatum. Using interleaved
TMS/fMRI we confirmed previous studies showing that cortical stimulation can induce a
BOLD response in subcortical regions.

As expected, we found that those participants

with more patent connections between FP1 and the striatum had a greater striatal BOLD
response. This relationship was independent of stimulation intensity and scalp to cortex
distance, two other factors which are expected to be associated with TMS response.
There are two important consequences of this finding. The first is that distant functional
effects of TMS are dependent upon the structural integrity of the brain’s connections.
The second is that white matter integrity may be a valuable marker to help determine why
some individuals respond differently or fail to respond to rTMS (See Figure 5-1).
Designing an rTMS Trial in Stroke Rehabilitation
Previous clinical trials of brain stimulation treatments for upper extremity deficits
following stroke are beginning to recognize the importance of white matter tracts. One
example of a study which failed to achieve their primary endpoint was the Everest
Trial(229). This was a single-blinded, multicenter study of epidural electrical stimulation
for stroke rehabilitation. The objective of this study was to compare epidural stimulation
in conjunction with six weeks of rehabilitation to rehabilitation without stimulation. In a
post-hoc analysis, patients in which movement was elicited by stimulation also had
reduced CST damage and were more likely to achieve primary efficacy endpoints. This
study highlights the importance of white matter integrity as a biomarker for brain
stimulation efficacy. Ultimately not taking white matter damage into account is likely
one reason the trial failed to see a clinically significant effect.
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Based on the studies presented in this dissertation, it is clear that white matter integrity
has the potential to inform the development of future rTMS trials in stroke. But, how can
we practically implement white matter integrity into the future of rTMS research in
stroke? In the final portion of this chapter we will outline a practical way to incorporate
what we have learned into an example clinical rTMS trial with the objective of improving
bimanual motor control. The setup of a trial for rTMS requires careful consideration of
participant inclusion and exclusion criteria, a stimulation target, parameters including
dosing, and sensitive outcomes measures. In stroke rehabilitation studies, decisions on
what parameters to choose are complicated by the heterogeneity of stroke location, lesion
size and disease duration. Thus we have included these factors to be accounted for
during this example study design and their potential interaction with white matter
integrity.
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Figure 5-1 Brain Structural Factors Contributing to rTMS Response. Variables
which are typically taken into consideration for stroke rTMS studies include stroke lesion
and volume size (red). Future studies should consider using corticospinal tract integrity
(green), scalp to cortex distance (yellow) and corpus callosum tract integrity (blue) to
improve participant selection, dosing, and target selection. Coronal brain slice acquired
from MRIcron.
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Participant selection: inclusion and exclusion criteria
Stroke patients are a heterogeneous population at a number of different levels. Perhaps
most obvious are differences in lesion volume and location which can profoundly impact
motor impairment severity and recovery potential. As described in the introductory
chapter, hemorrhagic and ischemic strokes arise from different pathological origins and
exhibit different patterns of recovery. Ischemic strokes, relative to intracerebral
hemorrhages tend to result in greater functional disability, but are also associated with
greater increases in functional recovery during rehabilitation(230). Therefore, it is
important for clinical rTMS studies to have their sham and real intervention groups
matched for stroke type. For example if one group has a greater number of patients with
ICH, and the other only has patients with ischemic strokes, baseline levels of impairment
may be lower and rate of recovery might be higher in the former group. Additional
considerations include factors such as time since stroke, where the rate of recovery is
significantly greater in the acute stages of stroke relative to the chronic stages (>6
months).
Beyond these factors commonly used to develop inclusion and exclusion criteria, there
are relatively few brain biomarkers to help predict who will respond well to rehabilitation
interventions. Winston Byblow’s group has developed an algorithm known as the PREP
algorithm to predict the recovery potential of stroke patients. While the algorithm
primarily uses simple behavioral markers such as the ability to perform shoulder
abduction and finger extension, it also incorperates the ability to evoke a MEP using
TMS as a surrogate marker of CST functional integrity(231). Although this is a very
simple, binary (MEP response or no MEP response) marker of recovery potential, it
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highlights the importance of brain white matter tracts in the rehabilitation process.
Conversely it demonstrates our limited knowledge of effective brain markers to predict
rehabilitation outcomes.
In previous data chapters we provided support for the CST as a biomarker of unimanual
motor recovery. However, we also demonstrated that white matter tracts such as the
corpus callosum are particularly important during synchronous bimanual tasks.
Therefore the functional and structural integrity of corpus callosum could be considered
when the objective of the rehabilitation intervention is focused on improving bimanual
motor skills. For example, inclusion criteria for our rTMS trial might selectively enroll
participants with an intact corpus callosum. This would potentially limit the number of
“non-responders” and reduce variability among participants. Furthermore we would
want CC integrity across the real and sham group to be evenly distributed. A group
biased toward having higher CC integrity might have a greater potential to improve
bimanual motor skills than those with extensive damage. Ultimately these criteria could
reduce the sample sizes required to power studies and allow us to detect an effect of the
intervention.
Deciding on a rTMS Target
Most rTMS in stroke have targeted either the lesioned or contralesional primary motor
cortex without regard to the underlying cortical reorganization of the individual
participant. Using BOLD fMRI, EEG and PET scanning techniques, improvements in
patient specific targeting can be developed. For example, we could envision a system in
which a participant is assessed for their level of functional laterality while using their
affected hand. Those participants with heightened activation in the contralesional
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hemisphere might undergo low frequency rTMS of the unaffected hemisphere.
Meanwhile participants with more “normalized” laterality would receive an alternative
strategy such as high frequency rTMS on the affected motor cortex. Despite the promise
of such a strategy, many of these imaging techniques are dependent upon the
performance (ex. Motor task with the affected UE) of the subject. This results in a high
degree of variability across individuals when performing the task. Structural markers
however appear to also be effective indicators of functional reorganization. Although
these indicators are indirect, white matter tracts such as corpus callosum have an
important association with laterality. The main advantage of an imaging technique like
diffusion tensor imaging is that most clinical scanners have this capability. Furthermore
diffusion MRI scans do not require involvement of the subject during acquisition thus
reducing variability and burden on the patient.

rTMS dosing
The standard methodology for dosing rTMS studies is rooted in the ability to find the
minimal threshold required to induce motor evoked potentials. When this threshold is
determined at rest, is known as the resting motor threshold (rMT). This is an effective
way to dose TMS because it allows one to observe a behavioral output in response to
TMS, confirming it was sufficient to reach the cortex. This has been shown to be
primarily dependent on the scalp to cortex distance although fiber orientation of white
matter within the CST has also been shown to contribute(232). Due to the loss or atrophy
of tissue in the post-stroke brain this distance increases and makes the threshold higher in
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comparison to healthy subjects. Participants with damage to the corticospinal tract often
have even higher thresholds sometimes making it difficult to detect any MEP response.

Outside the resting motor threshold, additional metrics, such as white matter integrity of
cortical-subcortical or cortical-cortical tracts, may have value in dosing rTMS. As we
and others have demonstrated, TMS does not only have effects at the cortical target
(directly underneath the coil). Stimulation of cortex can also activate targets with monosynaptic connections. This is relevant for the efficacy of the intervention as the
therapeutic benefits of rTMS may be dependent on its ability to modulate circuits or
distributed networks. Furthermore, we demonstrated that the ability for signals to be
transmitted via monosynaptic connections depends upon structural integrity. For studies
targeting a specific circuit or network, structural integrity may be able to help inform
whether a dose is sufficient. Structural metrics, including fractional anisotropy, may also
determine participants which are poor candidates for TMS. It is important to note that
our study was only performed with single pulses of TMS. Future studies could examine
the relationship of white matter integrity of a circuit and extent of modulation using
functional neuroimaging techniques.
In the case of a study focused on modulating bimanual motor performance following a
stroke, therapeutic effects may be dependent on modulation of activity in remote regions.
For example, pre-motor or parietal regions important for motor planning and visualspatial processing have strong structural connections to primary motor cortex. Perhaps
most importantly, the corpus callosum connects primary motor cortex to the homologous
primary motor cortex, critical for bimanual motor control. Previous studies of interleaved
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TMS/fMRI over motor cortex have demonstrated that stimulation over the motor cortex
can elicit a BOLD signal in the contralateral primary motor cortex(83). Without
examining these structural connections, the remote effects of rTMS could differ
significantly across participants, leading to unaccounted for variance in trial results.
Brain and Behavioral Outcome Measures
Outcome measures in rTMS studies for stroke rehabilitation of the upper extremity have
primarily relied on changes in scores including the Fugl-Meyer assessment, nine-hole peg
test (NHPT), and grip strength. Measures such as these lack sensitivity to subtle changes
in motor performance and often are unable to differentiate between compensation and
true recovery(233). Additionally, they are subject to observer bias and thus there is a
need for objective, reproducible evaluation of sensorimotor impairments. Kinematics has
the potential to address these issues and may be particularly important for measuring
components of more complex movements such as bimanual coordination(234). Using 3D kinematic motion recording, movement smoothness, velocity, synchrony and
compensation can be evaluated. Furthermore kinematics can measure these dynamics
throughout different phases of the movement trajectory. The importance of kinematic
measurements was exemplified in chapter 2 where we recorded spatial synchronization of
the hands during bimanual movement. In our example of an rTMS study investigating
changes in bimanual function, kinematics may be better suited than the UE-Fugl-Meyer
to detect a change in behavior.
Complementary to behavioral changes in outcome, an alteration in brain structure and
function can be evaluated using neuroimaging techniques. Using brain markers of
change following rTMS can help us begin to understand the mechanisms underlying
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behavioral changes. While there have been a number of studies evaluating changes in
brain function and neurophysiology following rTMS in stroke using BOLD fMRI and
motor evoked potentials, very few studies have examined structural changes(235).
Changes in gray and white matter macrostructure is well established in studies of learning
and neuroplasticity (236). Changes in white matter structure may be the result of a
number of mechanisms including re-myelination, axonal sprouting, pruning and rerouting(236). TMS is also able to induce neuroplasticity using LTP and LTD like
mechanisms, which suggests that changes in brain structure are likely to occur as a result.
These structural studies on the effects of TMS are rare and those available in stroke are
underpowered. For example, a small study in post-stroke aphasia patients indicated that
fractional anisotropy (FA) increases following excitatory iTBS. This increase was found
within white matter connecting cortical language areas(237). Although additional studies
are required to determine if rTMS can reliably increase white matter, there appears to be
sufficient evidence that rTMS has this capability. In our example of rTMS for bimanual
motor control it will be important to evaluate the effects of rTMS on corpus callosum
white matter integrity. In the case that white matter changes correlate with improved
bimanual skill, this novel biomarker could provide a new therapeutic target.
Summary
In this dissertation, we have synthesized for the first time a collection of work which
demonstrates white matter integrity as an important and often overlooked biomarker for
bilateral motor control, post-stroke brain activity and TMS signal propagation. In chapter
2 we identified white matter integrity of the corpus callosum as a key structure
influencing bimanual performance using kinematic measures of hand symmetry. In
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chapter 3 we found that reduced white matter integrity of corpus callosum was correlated
with loss of functional laterality of the primary motor cortex during movement of the
affected hand. In chapter 4 we found that reduced white matter tract integrity from the
site of stimulation to a downstream subcortical target, was correlated to the ability to
modulate that target. Taken together these studies warrant the use of white matter
integrity as a biomarker when designing future interventions in stroke. In particular
rTMS trials for stroke rehabilitation should consider using white matter integrity to help
refine inclusion/ exclusion criteria, dosing parameters and stimulation targeting.
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